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In the IEO (International Energy Outlook) 2013 reports [1], world-wide energy 
consumption will continue to increase by 2 % per year. The world-wide energy consumption is 
predicted to be twice as high in the year 2040 compared to today as shown Fig. 1-1 (a). However, 
the world-wide energy currently depends on consumable fossil fuels about 80 % of total energy.  
With respect to global warming and energy depletion, each country has to make efforts to 
reduce the consumption of fossil fuels [2]. The dramatic increase in world-wide demand for 
energy and its environmental problems are expected in nowadays and the future society will 
stimulate international cooperation to consider how to meet future energy demands while 
reserving and improving the environment. 
 
Figure 1-1 (a) World energy consumption, in1999-2040 and (b) world operating nuclear 
power generation capacity [1] 
 
This has led to nuclear energy for these decades, because large amounts of energy can be 
produced with nuclear reactors without the anti-environmental effects accompanied by the use of 
fossil fuel products (Fig. 1-1 (b)). Although renewable energy sources (solar photovoltaic, 
biomass, wind power etc.) may offer similar beneficial effects, concerns exist on economic 
efficiency and reliability when they are used for base-load power generation. The technology and 
economic reliability of nuclear energy have been demonstrated by the practical reactor operation 




1.2 Advanced nuclear energy systems 
 
1.2.1 Generation IV fission reactor systems [3, 4] 
 
Since the first artificial nuclear reactor, Chicago Pile-1, was constructed at the University of 
Chicago in 1942, many types of nuclear reactors have been developed and operated. The principal 
components of a nuclear reactor are the nuclear fuel, the moderator, the control rods and the 
control rods and the coolant. There are many possible nuclear reactor sizes and configurations, 
with different fuel compositions, moderators, coolants and control mechanisms, all capable of 
allowing a nuclear chain reaction to be sustained and controlled. In classified by generation, they 
could be classified into Generation I, Generation II, Generation III and Generation IV as shown 
Fig. 1-2 [5].  
 
 






Current reactors in operation around the world are generally considered to the Generation II 
or III systems, while the Generation I systems retired some years ago. The most feasible nuclear 
reactor in the world is the light water reactor (LWR) included in Generation II and III, which uses 
the water as its coolant and neutron moderator. The most common LWR is pressurized water 
reactor and boiling water reactor and it can be operated for a period more than 30 years. However, 
it is necessary for the nuclear reactors to increase operation temperature higher than 350 °C, 
towards high thermal efficiency. 
For the greater improvement and innovative advances in nuclear technologies beyond 
Generation III systems, the research on some advanced reactor types was officially started by the 
Generation IV International Forum (GIF) with nine countries; Argentina, Brazil, Canada, France, 
Japan, Korea, South Africa, United Kingdom and United states. Finally, Switzerland, Euratom, 
China and Russia have joined. The primary goals for GIF are; 1. Generate energy sustainably and 
promote long-term availability of nuclear fuel, 2. Minimize nuclear waste and reduce the long 
term stewardship burden, 3. Excel in safety and reliability, 4. Have a very low degree of reactor 
core damage, 5. Eliminate the need for offsite emergency response, 6. Have a life cycle cost 
advantage over other energy sources, 7. Have a level of financial risk comparable to other energy 
projects, 8. Be a very unattractive route for diversion or theft of weapons. Many reactor types 
were considered initially, however, the most promising nuclear systems were selected; Gas 
Cooled Fast Reactor (GFR), Lead Cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), 
Sodium Cooled Fast Reactor (SFR), Supercritical Water Reactor (SCWR), Very High 
Temperature Reactor (VHTR). 
For the service conditions in Generation IV (Gen-IV) systems, the proposed structural 
materials must meet design objectives in the areas of (i) dimensional stability including void 
swelling, thermal creep, irradiation creep, stress relaxation and growth, (ii) strength, ductility and 
toughness, (iii) resistance to fatigue cracking and helium embrittlement, (iv) neutronic properties 
for core internals, (v) physical and chemical compatibility with the coolant, (vi) thermal properties 
during anticipated and off-normal operations, and (vii) interactions with other materials in the 
systems. The structural materials that are being considered for use in Gen-IV systems are listed in 
Table 1-1 [6]. 
 5 
 
Table 1-1 Summary of materials considered for the different GEN-IV systems [6] 
 
 
Example concept GFR LFR MSR SFR SCWR VHTR 
Spectrum Fast Fast Thermal Fast Thermal Thermal 
Cladding Ceramics 
F/M steels, Ceramics 
or refractory alloys 





Core structures SiCf/SiC F/M steels, ODSS Hastelloy 
F/M steels 
F/M ODSS 





Reactor power(MW) 600 - 1000 - 1700 600 
Net plant efficiency (%) 48 - 44-50 - 44 >50 
Coolant He Lead alloy Molten salt Liquid Na Water He 
Coolant T inlet(ºC) 490 - 565 - 280 640 
Coolant T outlet(ºC) 850 550-800 700-800 520 510 1000 
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1.2.2 Fusion reactor systems 
 
Fusion power is the energy generated by nuclear fusion processes. In fusion reactions, two 
light atomic nuclei collide and fuse to form a heavier nucleus such as process in sun and all other 
stars. Among the fusion reactions (1.1-3 and so on), the (1.1) reaction has been considered to be 
most adequate for near-future realization of fusion energy. This fusion reaction occurs between 
the nuclei of the two heavy isotropes of hydrogen – deuterium (D) and tritium (T) – to form a 
helium nucleus and the release of a neutron and high energy; 
 
                                         (1.1) 





2                         (1.2) 







2                       (1.3) 
 
Because the reaction heating is very high temperatures (100 million degrees Celsius), the 
magnetic storage configuration is needed to control the thermo-nuclear plasma sustained by this 
reaction. Although many fusion reactor concepts have been developed, the most typical one will 
probably be Tokamak type [7]. For its advance and development, international cooperation was 
established to organize the international thermo-nuclear reactor (ITER) taken by China, the 
European Union, India, Japan, Korea, Russia and the United States. 
ITER project was focused on plasma science and technology and the mission did not 
include a complete set up of blankets for energy generation. A part of blankets will be assembled 
as a test blanket module (TBM). In broad approach program, welding and joining technologies 
were acknowledged as a prime technology of fabrication of TBM. In future reactors, two 
components are particularly important; the tritium-breeding blankets (TBB) and divertor. The 
TBB takes a role in extraction the fusion energy. And it has to produce tritium for a self-sufficient 
operation. The divertor purifies the plasma by locally creating a magnetic configuration to 
evacuate the α-particles and impurities and also extracts fusion energy. A summary of structural 
materials for fusion blanket and divertor is given in Table 1-2 [8]. 
Advanced nuclear systems, such as fast breeder reactor and fusion reactor, have been 
developed to increase the thermal efficiency. For the development of advanced nuclear systems, 










an essential issue is the performance of the structural materials. Key technologies for the 
structural materials include high temperature strength and long life time with the resistance under 
high corrosive and neutron dose environment. Many advanced materials with high performances, 
such as reduced activation ferritic/martensitic (RAFM) steel, vanadium alloy, SiCf/SiC composite, 
have been researched and developed as structural materials, blanket for fusion. Structural 
materials, RAFM steels are considered to the final candidate of the international thermo-nuclear 
reactor (ITER) that blanket module and materials R&D to evaluate the performance under 
irradiation have been conducted as an international collaboration research of the broader approach 
(BA). In this activity, it was shown that the most critical issue for RAFM steel fabrication of 
ITER-TBM is welding and joining technology because the total fusion lines of welding is 
estimated to the 500m per a body of fusion blanket of DEMO reactor. 
 
Table 1-2 Main candidate materials for plasma facing and breeding blanket components [8] 




W-coated ODS steel, 




flowing liquid metal: 
Li, Ga, Sn, Sn-Li 
Neutron multiplier 
material 













RAFM steel, ODS steel, 
Vanadium alloy, 
SiCf/SiC 












1.3 Structural materials for advanced nuclear energy systems 
 
1.3.1 Conventional structural steels [3] 
 
The main requirement for the materials to be used in advanced reactor systems are the 
following: 1) high resistance to irradiation embrittlement and swelling, 2) corrosion resistance in 
the relevant environment and 3) high strength at elevated temperatures and so on. Fig. 1-3 shows 
the operation temperature in each reactor. 
 
Figure 1-3 The required operation temperature in each next generation reactor 
 
At first, austenitic stainless steels were considered as the first structural material for 
applications to both fast reactor and fusion reactor, also important candidates for the SCWR fuel 
assemblies and core internals, and there is some overlap with the ITER operating temperature 
regime for 316LN at 280-300 °C. In this regime, austenitic stainless steels experienced strong 
irradiation hardening with a reduction in uniform strain and in fracture toughness. Irradiation-
assisted stress corrosion cracking is of significant concern at temperatures below 350 °C. For 
operating temperature above 350 °C in the SCWR core internals, other radiation effects such as 
void swelling, grain boundary segregation and helium generation on ductility and rupture life 
become critical in the stainless steels. In the temperature regime, stainless steels with addition of 
small amount of Ti, B and P for swelling resistance and higher creep strengths are required; 
examples include Japanese PNC 316, the French 15-15Ti alloy, and the US HT-UPS alloy. 
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However, austenitic stainless steels have been considered to be not suitable to fusion systems 
operated at high temperatures and to high dose because of high swelling rate, high creep rate, high 
thermal expansion, high thermal stress caused by low thermal conductivity and high susceptibility 
to helium embrittlement. For the problems of austenitic stainless steels mentioned above, the high 
Cr ferritic/martensitic steels have been become of interest because of high swelling resistance 
compared to them. Since the mid-1980s, the fusion materials programs in Japan, the European 
Union and the United States have been developing ferritic/martensitic steels that would lessen the 
environmental impact of the irradiated and activated steel after service lifetime of a fusion reactor. 
These conventional ferritic/martensitic steels contain 9~12Cr with about 1 % Mo, 0.1~0.2 % C 
and combinations of small amount of V, W, Nb etc, and have strength at elevated temperatures 
and good thermal properties such as conductivity and expansion coefficient. Their creep strength 
is also adequate in the temperature range from 550 to 600 ºC. However, in the consideration of 
low or reduced radiological activation of the material for the safety, maintenance and protection of 
environment during and after the service, the fusion reactor materials programs in Japan, the 
European Union, the United states and Russia included the development of ferritic/ martensitic 
steels with replacement of the radiologically undesirable elements, Mo, Nb, and Ni, by elements 
such as W, V, Mn, Ta, and Ti. For these efforts, some reduced activation ferritic/martensitic 




Table 1-3 Typical compositions (wt%) of reduced activation martensitic steels with favorable 
combination of properties [3, 9] 
Program Designation C Si Mn Cr W V Ta N B 
Japan 
F82H 0.10 0.2 0.5 8.0 2.0 0.20 0.04 <0.01 0.003 
JLF-1 0.10 0.08 0.45 9.0 2.0 0.20 0.07 0.05 - 
US 9Cr-2WVTa 0.1 0.3 0.4 9.0 2.0 0.25 0.07 - - 
CEA EUROFER 0.1-0.12 <0.05 0.4 8.0 1.2 0.2 0.08 0.03 0.004 




Since the 1950s, zirconium alloy (or zircaloy) is prompted the selection for cladding 
material of fission reactors and development having low neutron absorption cross-section, high 
strength and good corrosion performance in hot water. They provide an adequate measure of 
corrosion behavior under pressurized (PWR) or boiling water reactor (BWR) conditions. However, 
increased burn-up level is required that are very sensitive to the input from the fuel costs. To reach 
higher burn-ups, the enrichment of the fuel must increase and therefore, the fuel rod power over 
its lifetime will increase [8]. This situation tends to increase the fuel clad temperature that for 
PWRs will increase the corrosion rate (since the corrosion rate is much less dependent on 
temperature in BWRs, similar effect will not be seen in BWRs). Zircaloy is limited at irradiation 
growth and creep properties in required burn-up levels next generation systems. Also, nickel 
based super alloys are weak corrosion resistance of intense environment. It should be considered 
to development of the new materials, which can be accommodated in intense environment with 
corrosion resistance and irradiation properties in high temperature operating condition for both 
fission and fusion reactors.  
 
1.3.2 Oxide dispersion strengthened (ODS) ferritic steels 
 
1.3.2.1. ODS steel fabrication of history [3, 4] 
Oxide dispersion strengthened (ODS) alloys have been developed for fission and fusion 
nuclear power systems to apply for high operation temperatures.  
In 1916, the tungsten filament dispersed with thorium oxide (ThO2) was produced in 
Germany. In 1946, sintered aluminum powders were developed to increase heat resistance of Al 
alloy. And ODS-Ni alloy with ThO2 (TD-Ni) was developed for application to turbine in 1962. J. 
Benjamin et al. of International Nickel Company (INCO) firstly developed mechanical alloying 
(MA) process in mid-1960, that fabrication of ODS alloy started. This technique was the result of 
a long search to produce a nickel-based super alloy for gas turbine applications, that was expected 
to combine the high temperature strength of oxide dispersion and intermediate temperature 
strength of γ’-precipitates [3, 10]. The MA process starts with mixing of the powders of the target 
alloy compositions and loading the powder mixture into the pot along with the grinding medium 
(generally steel balls) and that can produce homogeneous alloyed powder particles. This mixture 
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is then milled for a desired period until homogeneous distribution of elements obtained. The 
milled powder is consolidated into the bulk ODS alloy by hot extrusion or hot isostatic pressing.  
The technique has been developed to produce a variety of materials, which consists of a 
high temperature metal matrix, such as iron aluminide, iron chromium, iron-chromium-aluminum, 
nicker chromium or nickel aluminide, with small (5~50 nm) oxide particles of alumina (Al2O3) or 
yttria (Y2O3) dispersed within matrix [4]. Since the obstacles like compounds are distributed in 
the fine grains, the matrix of the alloys can be significantly improved in the strength and hardness, 
which may be accompanied by a slight loss of plasticity and toughness. And there have been 
many works on optimal composition based on physical metallurgy, thermal stability, coolant 
compatibility, the effect of hydrogen and irradiation damage, helium embrittlement [4, 11-13]. 
Generally, the particles become smaller and higher in the size and number density, respectively, 
the performance of the ODS alloys become better. 
 
1.3.2.2. Application for nuclear power systems [14, 15] 
The higher operating temperatures are required for improved efficiency and safety in fusion 
and fission reactors. Partially, cladding materials development is crucial to realize to achieve 
higher operating temperatures, operating over 100 GWd/t of supercritical water-cooled reactors 
(SCWR) and lead-cooled fast reactor (LFR) with high efficiency [15]. The corrosion resistance 
has been certainly required for practical long term operation of the advanced fission reactors [16]. 
Also, the candidate cladding materials and first wall structural materials must have a high 
resistance to neutron irradiation embrittlement and void swelling as well as a good performance of 
mechanical properties. Consequently, the development of ODS steels possessing higher strengths 
at elevated temperature for fuel cladding and other applications has been pursued in Japan, Europe, 
the United States and Russia. 
Ukai et al. developed 9Cr-ODS martensitic steel as a cladding material for SFR [17, 18]. 
ODS ferritic/martensitic steels containing 9–12 wt.% chromium have been developed as the fuel 
cladding material of sodium-cooled fast reactor (SFR) because of their high creep strength at 
elevated temperatures and enough resistance to neutron irradiation embrittlement. Recent 
irradiation experiments clearly showed that the ferritic/martensitic ODS steels were rather highly 
resistant to neutron irradiation embrittlement at temperatures between 300 ºC and 500 ºC up to 15 
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dpa [19, 20]. They never showed irradiation induced loss of elongation that was generally 
observed in metallic materials. That is, the ODS steels showed irradiation hardening accompanied 
by no-loss-of-ductility. However, the application of ferritic/martensitic ODS steels to the cladding 
of SCWR and LFR is limited because of insufficient corrosion resistance of the steel. It is well 
known that the corrosion resistance in high temperature water is reduced significantly by 
decreasing chromium concentration below 12 %. Thus, for high Cr ODS ferritic steels, the most 
critical issue for the application to SCWR and LFR is to improve their corrosion resistance. 
Corrosion resistance of iron based alloys is influenced by chromium (Cr) and aluminum (Al). It is 
expected that an adequate combination of the contents will be available for Cr and Al in the steels 
for each blanket system.  
An increase in the Cr content increased tensile stress as shown in Fig. 1-4 [14]. This can be 
explained by solid solution hardening by Cr. The tensile stress was larger than 9Cr- ODS about 
100 MPa at temperatures between room temperature and 400 ºC, and about 50 MPa at 800 ºC. 
Since the potential hardening by oxide dispersion is much larger than that by solid solution of Cr, 
the difference in the tensile stress by increasing Cr is rather smaller than the difference in the  
 
 
Figure 1-4 The dependence of tensile stress on 
test temperature in ferritic steel, 9Cr-ODS steel 
and 19Cr-ODS steel [14] 
Figure 1-5 The appearance of ODS steel 
specimens after corrosion test in LBE [15] 
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tensile stress between ferritic steel and 9Cr-ODS steel in which only the difference is the 
existence of nano-sized (less than 4 nm in diameter) oxide particles in high density in 9Cr-ODS 
steel. 
Corrosion test results in SCW and lead–bismuth eutectics (LBE) were referred to determine 
Cr and Al content. LBE has high solubility of nickel, iron and chromium, which are most 
important alloy elements in austenitic stainless steels, which is the reason of the difficulty to use 
nickel super alloys and iron-based austenitic stainless steels as the structural materials for LBE 
cooled systems, especially at temperatures higher than 500 ºC [15]. Ferritic steels that contain 
only a small amount of nickel have been considered to be more adequate for LBE application. 
Above 600 ºC, however, the solubility of iron and chromium in LBE also becomes significantly 
larger. In order to prevent material from dissolving into LBE, alumina coating was often 
conceived. Without alumina coating, however, it is also considered that alumina film, which is 
spontaneously formed on the surface of the steel containing Al in solution, may suppress 
dissolution. Fig. 1-5 [15] shows the appearance of ODS steel specimens after corrosion test in 
LBE with 10-6 wt. % O2 in solution for 10k h at 650 ºC. The Al free 19 wt. % Cr ODS steel 
dissolved into LBE markedly, while those of ODS specimens containing 4 wt. % Al almost 
completely kept the specimen shape, indicating much higher resistance to LBE corrosion. It is 
worth to noting that the corrosion resistance in LBE is independent of Cr concentration from 13 to 
19 wt. % in Al-added ODS steels. The addition of Al is considered to be inevitable for structural 
materials to apply to LBE nuclear systems especially above 500 ºC. It should be noted that the 
weight gain is much larger in SUS430 (16 Cr) than in 16Cr ODS steel as shown Fig. 1-6 [15]. 
This clearly indicates that the oxide particles dispersion plays an effective role in the high 
corrosion resistance of ODS steels, since the corrosion resistance in water environment is mainly 
controlled by Cr concentration. 
The corrosion resistance of ODS steels increases with chromium concentration. The effect 
of Al on corrosion resistance depends on Cr concentration. The Cr content can be balanced 
between a merit of corrosion resistance and a demerit of aging embrittlement with maintaining 
strength at elevated temperatures. In 19-Cr ODS steel, the addition of 4 wt.% Al did not 
remarkably influence the corrosion resistance. However, in 16Cr-ODS steel, the addition of Al 
improved corrosion resistance. The suppression of corrosion by Al addition in 16Cr-ODS steel is 
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due to formation of very thin alumina film on the surface. In 19Cr-ODS steel, rather dense 
chromia film was observed on the specimen surface [21]. It is considered that 16 wt.% Cr is not 
large enough to form homogeneous and stable chromia on the whole specimen surface, while very 
thin alumina film covers the whole specimen surface of the ODS steel added with 4 wt.% Al. 




Figure 1-6 The weight gain after corrosion tests in SCPW (510 °C, 25 MPa) up to 1800 h [15] 
 
For the application of the ODS steels to nuclear power plant as a structural material, the 
phase stability of the oxide particles under irradiation is essential. In our previous research [14],  
the ion irradiation experiments were performed at temperatures 300, 500 and 700 ºC up to 20 dpa 
(56 h) for the 19Cr-4.5Al ODS steel as a reference of high-Cr ODS steels. Microstructure 
observations revealed that a number of small dislocation loops were observed after the irradiation 
at 300 ºC, although no significant change was observed for the other structures such as voids and 
precipitates. Furthermore, at 500 ºC, any significant effects such as formation of dislocation loops 
and voids, and precipitation of secondary phases were not observed. Fine precipitates in grains did 
not grow up significantly during ion irradiation. At 700 ºC, however, the irradiation caused a 
change in the precipitation behavior, showing that carbides precipitated both in grains and along 
grain boundaries. The size of larger precipitates reached to several hundreds nm, and the 
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precipitation occurred in both the irradiated and un-irradiated region. The TEM-EDX analysis of 
matrix, grain boundaries and precipitates in grains were performed. The normalized atomic ratio 
of chromium on grain boundaries was higher than the others, the carbides were considered to be 
chromium-rich phase. In contrast, the normalized atomic ratio of aluminum was almost uniform 
in the matrix and along grain boundaries. It is expected that the segregation of aluminum at grain 
boundaries would not occur under the irradiation at 700 ºC. Irradiation hardening was measured 
for the specimens irradiated at 300 and 500 ºC up to 10 dpa. The normalized irradiation hardening 
of Hirr/Hunirr was measured using nano-indenter, and the results are shown in Fig. 1-7 [14]. Hirr 
and Hunirr was the hardness of 19Cr-4.5Al ODS steel before and after ion irradiation, respectively. 
The irradiation hardening increased with increasing the irradiation dose at 300 ºC. On the other 
hand, no hardening was observed at 500 ºC for 19Cr-ODS steel. This trend is similar to the 9 Cr 
ferritic steels. It was reported that high-Cr ODS steels often suffer irradiation embrittlement 
caused by the phase decomposition of Fe/Cr. In the previous work, the Cr-rich α’ phases were 
observed in the 12 Cr ferritic steel after the neutron irradiation at 380 ºC to 15 dpa (about one year) 
being accompanied by a large irradiation hardening. The ion irradiation hardening at 573K is 
considered to be due to the dislocation loops but not the Cr-rich α’ phases, since no such a phase 
was observed after the irradiation. It should be noticed that even at 300 ºC the Cr-rich α’ phases 
were not formed up to 10 dpa in 19Cr-4.5Al ODS steel. 
 
Figure 1-7 The dependence of the irradiation hardening on the ion dose  
 in the 16, 19Cr-4.5Al-ODS steel irradiated at 300 and 500 °C [14] 
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From a viewpoint of reduced activation, Al is not an adequate element for application to 
fusion blanket. The advantage of Al addition is significant in corrosion resistance as mentioned 
above. The corrosion rate of Al-free 16Cr-ODS steel in SCPW at 600 ºC is about 3.5 times higher 
than that of Al-added 16Cr-ODS steel. Although the effect of flow rate of SCPW on the corrosion 
rate is necessary to assess the feasibility for fusion application, it can be concluded that the Al 
addition is not inevitable for 16Cr-ODS steel for the application to SCPW cooled blanket system 
for DEMO or beyond. As for the corrosion resistance in LBE, it is considerably improved by Al 
addition that causes the formation of thin alumina on the specimen surface. In the case of Al free 
ODS steels, the dissolution of Fe and Cr increases considerably at elevated temperatures higher 
than 500 ºC, which may limit the operation window of the LBE cooled system. 
Based on the surveillance test for the high-Cr ODS steels so far, it is considered that the 
ODS steels are most promising as high burn-up fuel cladding material. They have rather high-
resistance to neutron irradiation at temperatures between 300 and 500 ºC up to 15 dpa, and the 
investigation of irradiation effects beyond the above conditions is now under way. A high-tensile 
stress was achieved for the 9 to 19 Cr- ODS steel, which was ranging from 300 to 350MPa at 800 
ºC. The most promising materials performance of the ODS steels is considered to be due to 
dispersion of very fine yttria oxides of which the diameter is ranging from 1 to 5 nm. 
 
1.3.2.3. Strengthening mechanisms of ODS steel 
Strengthening ODS steels is achieved by dispersion particles which play a role as barriers 
to dislocation moving during the deformation. In most binary systems, alloying above a 
concentration given by the phase diagram will cause the formation of a second phase. A second 
phase can also be created by mechanical or thermal treatments. The particles that compose the 
second phase precipitates act as pinning points in a similar manner to solutes, though the particles 
are not necessarily single atoms. This is a schematic illustrating how the dislocations can interact 
with a particle.  
According to the Orowan by-passing mechanism [3, 22], hard incoherent dispersoids such 
as Y2O3 are bypassed through the formation of Orowan loops at low temperatures (as shown Fig. 






where, M = 3.06 is the Tailor factor, μ is elastic modulus of matrix, b is the magnitude of the 
Burgers vector and L is the inter-particle spacing distance, respectively. L can be expressed 




Generally, the following requirements have been imposed for dispersion strengthened 
particles: particle size should be as small as possible (less than 10 nm), particle spacing to 
achieve enough performance is in the range of several tens nm. In addition, the particles should 
be stable under high temperatures keeping the size be small by suppressing mutual agglomeration 
of the small particles. Phase stability of oxide particles is a critical for nuclear structural materials, 
because under irradiation, non-equilibrium condition is often generated to accelerate phase 
change [4]. 
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1.4 Recrystallization processing of ODS steels 
 
1.4.1 Anisotropy of mechanical properties in ODS steels 
 
In fabrication processing, the mixed MA powders are milled for desired period until 
homogeneous distribution of elements obtained. Then, the milled powders are consolidated into 
the bulk ODS steel by hot extrusion or hot isostatic processing. In case of hot extrusion 
processing, the high pressure and elevated temperature are required for dense material with 
homogeneous dispersion of oxide particles. After extrusion processing, the elongated grains are 
formed along with extrusion direction and the orientation texture is following typical extrusion 
processing steps. Elongated grains often cause the anisotropy in mechanical properties such as 
tensile strength, creep properties, ductile-btittle transition temperature (DBTT) and fracture 
toughness. The grain morphologies are also major factors giving influences on the strength 
depending on the direction of applied force. Therefore, grain structure is very important and must 
be optimized for good materials performance [11, 23].  
P. Olier et al. [24] observed the elongated grains with using TEM of the extruded bars in 
longitudinal (parallel to the extrusion direction) and transverse (perpendicular to the direction of 
extrusion) directions. The microstructure consists of fine grains elongated along the extrusion 
direction, the grain size determined by image analysis is slightly above 500 nm widthwise and 
around 1200 nm lengthwise which means an average shape anisotropy factor of 2.5. In the 
transverse direction, grains are fine and equiaxed being about 600 nm of mean diameter. 
Fig. 1-9 shows the tensile stress-strain behavior of high Cr ODS ferritic steels, which have 
anisotropic behavior. The fracture strain in L-R orientation can be longer than the others because 
the ODS steels have elongated grains in parallel to the loading direction, which is induced by MA 
and hot extrusion process in parallel to the loading direction [25]. M. Serrano et al. [26] also 
reported that the anisotropy of an extruded 14Cr ODS steel bar, which includes the 
microstructural characterization and tensile tests of specimens obtained in the longitudinal and 
transverse orientations. The elongated grains along the extrusion direction and small areas with 
equiaxed grains were observed in the longitudinal direction. Nevertheless, the grains were more 




anisotropy seems to exhibit a direct effect on the ductility of the ODS material studied. It was 
found that the transverse orientation was around 50 % less ductile than the extruded direction, 
while yield stress and ultimate tensile strength were almost unaffected by anisotropy. The 
differences in the grain morphology of each orientation also appear to affect the fracture mode. 
The fracture surface of transverse specimens presented an elongated structure, while in the 
longitudinal specimens a more uniform an equiaxed grains with dimple formation were observed. 
In the creep properties [27] the alloy exhibits strong anisotropy in creep resistance at 725 °C. The 
material has substantially lower creep performance in the direction normal to the extrusion axis. 
The anisotropy was found to become more prominent with increasing rupture times.  
Anisotropic behavior was observed for the small punch ductile–brittle transition 
temperature [28, 29]. Size of dimple and existence of flat fracture area in ODS ferritic steels 
(SOC-1) observed in fracture surfaces can explain the lower tensile strain for the transverse 
direction than for the longitudinal direction. Charpy impact properties for the L-R direction is 
better than for the C-R and C-L directions.  
S. K. Karak et al. studied the anisotropy for the specimens produced by a modified 
fabrication processing, which is hydrostatic extrusion method [30, 31]. The anisotropy is still 
acquired in ODS ferritic steels in spite of improving higher strength than that fabricated by high 
(a) K1 (b) K4
Figure 1-9 Typical stress-strain curves obtained from the longitudinal axis with radial 
direction plane (L-R), circumferential axis with longitudinal plane (C-L) and circumferential 
axis with radial direction (C-R) specimens of (a) the K1 and (b) K4 ODS steels [25] 
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pressure sintering, hot isostatic pressing and pulse plasma sintering.   
These anisotropy is not only for ODS ferritic steels but also for austenitic and martensitic or 
RAFS ODS steels. It was reported that there is an effect of grain morphology on hydrogen 
embrittlement where significant embrittlement occurred in the transverse direction of ODS steels 
[11, 32]. The anisotropy affects welding properties of ODS steel. S. Noh et al. [33] reported that 
friction stir processing of ODS steel likely improve the anisotropy effectively. The base material 
exhibits an anisotropic microstructure of finely elongated grains in the extrusion direction. In 
contrast, friction stir processing produced uniformly equiaxed and coarsened grains in stirred zone. 
This can be attributed to frictional heat and plastic flow induced by rotating tool during friction 
stir processing. Following this results, the tensile elongation of stirred zone shows no anisotropy 
between longitudinal and transverse direction, although yield strength is lower than that of base 
material. This indicates that equiaxed grains are induced by frictional heat and plastic flow 
through dynamic recrystallization process so as to suppress anisotropy in the microstructure of 
ODS steels.  
Fig. 1-10 shows a typical microstructure in the ODS steel which is as-extruded (ODSE) and 
recrystallized (ODSR) [34]. The microstructure of the ODSE has high dislocation density 
introduced during MA and uniformly distributed particles. The grains are elongated along with 
the hot extrusion direction. Conversely, in recrystallized ODS steel, the dislocation density is 
reduced and the grain size is increased. It appears that the strength anisotropy is suppressed by the 
recrystallization. 
 
Figure 1-10 Microstructures in as-extruded ODS steel and recrystallized ODS steel [34] 
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1.4.2 Recrystallization processing issues in ODS steels 
 
As mentioned earlier, the anisotropy by elongated grains formed during the fabrication 
processing with hot extrusion has effects on several mechanical properties of ODS steels. The 
strength of longitudinal direction with extrusion direction is superior, but it is significantly 
decreased in radial direction. Therefore, reducing the anisotropy is necessary to improve the 
stability and formability in the mechanical properties of ODS steels.  
Recrystallization often results in the modification of grain morphology into equiaxed grains, 
which makes materials be formable such as result of friction stirred processing. Thus, 
recrystallization behavior is a key issue in the fabrication processing of ODS ferritic steel, 
especially cladding tube manufacturing.  
Recrystallization behavior of metals is commonly understood as follows [35]; 
(1) Recovery: The free energy of a crystalline material is increased by deformation through the 
generation of dislocations, and the material containing these defects is thermo-dynamically 
unstable. Although thermo-dynamics would suggest that the defects should spontaneously 
disappear, the stable defect structures are retained after deformation in practice (Fig. 1-11 (a)). If 
the material is subsequently annealed to an enough high temperature, thermally activation 
processes such as solid state diffusion provide that the defects may be removed or arranged in a 
configuration of lower energy state. The annealing processing of cold rolled metal at an elevated 
temperature changes the microstructure and also properties of the material, which may be partially 
recovered to their original values by the annihilation and rearrangement of the dislocations. 
However, these microstructural changes during recovery are relatively homogeneous and do not 
usually affect the grain boundaries between the deformed grains as shown in Fig. 1-11 (b). 
Recovery generally involves only a partial restoration of properties because the dislocation 
structure is not completely removed and may reach to a metastable state.  
(2) Nucleation and recrystallization: A further restoration process called recrystallization may 
occur in which new dislocation-free grains are formed within the deformed or recovered structure 
(Fig. 1-11 (c)). These then grow and consume the old grains, resulting in a new grain structure 
with a low dislocation density, (Fig. 1-11 (d)).  
(3) Grain growth: Although recrystallization removes the dislocations, the material still contains 
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many grain boundaries, which are thermo-dynamically unstable. So annealing may result in grain 
growth, where the smaller grains are eliminated, the larger grains grow and grain boundaries tend 
to be a lower energy configuration (Fig. 1-11 (e)). Sometimes, the selective growth of a few large 
grains (Fig. 1-11 (f)), a process known as abnormal grain growth or secondary recrystallization 
can be shown.  
 
Figure 1-11 The schematic diagram of the main annealing processes [35] 
 
Although recrystallization behavior is surely occurred under annealing processing, there is 
no clear standard to distinguish each above step during continuous heat processing, and the 
microstructures evolve gradually with no identifiable nucleation and growth stages in this case. 
On the other case, it can be formally described in terms of nucleation and growth stages as 
discontinuous processes. Thus, the ‘continuous’ phenomena include recovery by sub-grain growth, 
continuous recrystallization and normal grain growth and the ‘discontinuous’ phenomena include 
discontinuous sub-grain growth, primary recrystallization and abnormal grain growth. 
In ODS steels, the ultra-fine oxide particles are strengthening in matrix, where the 
strengthening mechanism of ODS steels is considered to be achieved by dispersion particles 
which play a role as barriers to dislocation motion during the deformation, which is related to the 
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Orowan mechanism in previous part (Chap. 1.3). On the other hand, the dispersed particles also 
inhibit the migration of grain boundaries. The small grain sizes of ODS steel is due to the oxide 
particles, the migration force of grain boundary, which exceeded a drag force of oxide particles, 
can be estimated by Zener equation. The relationship of oxide particle, grain boundaries and 
dislocation distribution will be investigated in Chapter 4.  
The recrystallization of ODS steels is often suppressed by these fine and high density oxide 
particles [15]. Furthermore, the strengthening and annealing mechanisms are influenced by 
multiple factors, which are chemical compositions, cold rolled level, heat treatment conditions as 
well as starting powder condition: pre-mixed or pre-alloyed [28, 37-41].    
Chou et al. [42] measured the recrystallization temperature of MA956 (20Cr-4.5Al-0.5Y2O3) 
and MA957 (14Cr-1Ti-0.27Y2O3) by differential scanning calorimetry (DSC), and concluded that 
the higher recrystallization temperature of MA957 was due to a strong texture elongated into the 
γ-fiber or [111] direction. Sandim et al. [43] reported that the yttrium based oxide particles with 
the diameter of about 10 nm was effective to retard recrystallization of 9Cr-ODS Eurofer steel. 
Chen et al. [44] investigated the effect of cold rolling level on the annealing behavior of an ODS 
steel (PM2000) and showed that recrystallization was initiated at lower temperatures in the 
specimens with greater cold rolling direction. As for recovery behavior, Renzetti et al. [45, 46] 
measured the dislocation density in ODS-Eurofer steel by means of XRD based on the modified 
Williamson-Hall plot and reported that the dislocation density of 80 % cold rolled samples was 
8.0 x 1015 m-2 and that of annealed sample at 800 °C for 1 hour was 2.0 x 1015 m-2. 
Several researchers have investigated recrystallization behavior of ODS steels in terms of 
crystallography. Most of the literatures concerning the recrystallization of ODS alloys refer to 
primary recrystallization after heavy deformation, which is usually as-milled and/or as-extruded 
powders after hot consolidation. Further secondary recrystallization to obtain a coarse elongated 
grain structure is usually performed under a high temperature gradient (directional 
recrystallization) to promote the formation of a high grain aspect ratio [47, 48].   
In our previous study on high resolution transmission electron microscopy of nano-scaled 
oxide particles, the coherency between the particles and matrix was examined in detail and it was 
shown that the coherency changed with the size and composition of the particle [12, 49]. 
Kasada et al. [28] investigated the oxide morphology of high Cr ODS ferritic steels in 
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different chemical compositions of Ti and Al. The STEM-EDX and XRD analysis indicated that 
mechanically-alloyed Y2O3 reacted with dissolved Ti and Al in the ODS steels and formed 
YxTiyO and YxAlyO. It is concluded that the fine oxide particle in K1 (Fe-19Cr-0.3Ti) ODS steel 
can be associated with the formation of fine Y-Ti oxide, such as Y2Ti2O7 complex oxide which 
can also be observed in the experimental 9Cr-ODS steel. On the other hand, some coarsening of 
the oxide particle in the Al added K4 (Fe-19Cr-4Al) ODS steel was observed, and they were 
identified as Y-Al oxide. Researchers observed some types of complex oxide in Al-added high Cr 
ODS ferritic steels, such as the tetragonal Y3Al5O12 (YAT), the monoclinic Y4Al2O9 (YAM) and 
the garnet Y3Al5O12 (YAG). 
The anisotropy of mechanical properties was thought to be explained by the combined 
effect of bundle-like structure of elongated grains with aggregates of small-size grains and 
segregation/precipitation along ED [23]. It was reported that there was an anisotropic behavior in 
the fracture toughness of the hot-extruded MA957 ODS ferritic steels, and that the low toughness 
could be improved by the elimination of stringer-like alumina inclusion which was due to 
impurities in the source powder. The existence of elongated M23C6 in the two types of hot-
extruded ODS ferritic steel (Fe–19Cr–4Al–2W–0.3Ti–0.3Y2O3 and Fe–19Cr–0.3W–0.3Ti–
0.3Y2O3) suggested contamination of relatively high concentration (0.05–0.09 wt.%) of impurity 
carbon [50]. The coarser precipitates were identified to be mainly titanium oxides but Cr-rich 
precipitates of M23C6 type were also observed. These (Fe, Cr, W) 23C6 carbides were mainly 
observed at grain boundaries [24]. Presumably, general properties of the ODS ferritic steels 
depend on multiple factors including chemical compositions, fabrication process, impurity level 
and conditions of raw powders (pre-mixed or pre-alloyed) [28]. 
Strengthening mechanisms and deformation processes of ODS steels have been studied 
actively [37]. Schneibel et al. [51] introduced particle hardening, grain boundary hardening, and 
thermally activated absorption of dislocations at grain boundaries to explain the temperature 
dependence of strength. However, the effect of grain structures on mechanical properties through 
annealing processing and each role of the alloy microstructures have not been well understood. 
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1.5 Radiation effects 
 
Understanding radiation effects on materials is necessary to apply the materials to in-core 
structural materials where atoms comprising the structural components are displaced numerous 
times over the course of their engineering lifetime. 
 
1.5.1 Radiation damage structures 
 
During irradiation, a neutron collision with an atom of the matrix may results in the 
displacement of the atom from their original positions and may cause property changes of the 
materials. Displacement cascades include several vacancy clusters and interstitial dislocation 
loops. Types of defects are as follows; 
(1) Interstitials and vacancies: An interstitial is the atom that is not located at a regular lattice site 
in crystal lattice. Some impurity atoms in metals are efficient traps for self-interstitial atoms (SIAs) 
although the efficiency depends on impurity atoms [52]. The vacancy, or missing lattice atom, is 
the simplest point defect in metal lattices. Vacancies can generally be trapped at an oversize solute 
or impurity atoms in order to lower the overall free energy of the solid. Hence, these solutes can 
act as efficient traps for vacancies in the lattice. Diffusion of vacancies occurs by the jump of an 
atom from its lattice site to a vacant site. For an atom to move by this mechanism, a vacancy is 
required to exist at a neighboring lattice site. Since movement of the vacancy is opposite that of 
the atom, vacancy-type diffusion is regarded as either a movement of the atom or the equivalent 
movement of the vacancy. In case of metal, the potential energy of interstitial atoms for migration 
is far lower than that of vacancies. For example, in Cu, the potential energy difference between 
stable and unstable state is 1 eV and 0.05 eV in the case of vacancy and interstitial atom, 
respectively. Accordingly, the interstitial atoms migrate at around 10 K, while vacancies move at 
around 300 K [53]. When the same defects are combined each other, they convert into a cluster 
such as voids or dislocation loops. When a vacancy and an interstitial atom meet, they annihilate 
each other.   
(2) Dislocation loops: Prismatic dislocation loops are examples of interstitial and vacancy clusters 
(Fig. 1-12). In BCC, the prismatic interstitial-type loops have a perfect Burger’s vector.  
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Figure 1-12 Vacancies and interstitial-type dislocation loops 
 
Two types of vacancy clusters are possible; vacancy-type dislocation loop as well as void 
configurations [52]. The types of vacancy clusters formed during irradiation depend on the 
relative formation energies and the kinetics of vacancy cluster evolutions. Commonly, the vacancy 
more tends to form the void (sphere defects) than forming dislocation loops. The size and the 
number density of dislocations loops depend on irradiation temperature and material.  
(3) Voids: When dislocations preferentially absorb interstitial atoms, the residual vacancies 
increase to form vacancy clusters. At a high temperature or high irradiation dose, the vacancy 
cluster can be formed in matrix except in the case that materials have nature of low stacking fault 
energy, which may influence on void swelling of the material. The voids are polyhedral and it can 
be annealed out by heat treatment after irradiation. On the other hand, the helium bubbles are 
formed by (n, p) or (n, α) nuclear reactions at a high temperature. These bubbles are almost sphere 
shapes and rather stable.  
(4) Precipitation: Since a number of vacancies are formed by irradiation, the diffusion of solute 
atom is accelerated and precipitation and/or resolution are also accelerated.  
 
The formation of above radiation damage structures depends on irradiation conditions, such 
as, temperature, dose, flux and energy spectrum, which results in the changes in the radiation 




1.5.2 Radiation effects on materials 
 
Exposure of metals to irradiation results in an increase in the yield strength over a wide 
temperature range, and is most pronounced at Tirr < 0.3Tm. In BCC metals tested at low 
temperature, the irradiation up to a high fluence may result in the disappearance of necking 
deformation accompanied by a brittle fracture in the elastic deformation region. Irradiation 
induced hardening is caused by the production of the various defects; i) microvoids, ii) impurity-
defect cluster complexes, iii) dislocation loops (both vacancy and interstitial type), iv) dislocation 
lines (dislocation loops and dislocation network of the original microstructure), v) bubbles and vi) 
precipitates. 
Notice that the effect of voids on irradiation hardening is imperceptible as a result of 
experiments that show irradiation hardening is not remarkably different before and after void 
annihilation by annealing treatment. It has been considered that dislocation loops are the main 
factor controlling irradiation hardening because of the adequate correlation between 
microstructural evolution and irradiation hardening. These defects cause not only irradiation 
hardening but also irradiation embrittlement, which lead to a limit of lifetime of material. 
The experimental results on helium effect performed by ion-implantation or neutron 
irradiation have shown that even small concentrations in the range of some tens of appm can lead 
to ductility loss or dynamic fracture toughness degradation [54]. In addition, annealing 
experiments of irradiation induced He-bubbles beyond the α-γ transition temperature lead to 
bubble migration and coalescence with relatively large and stable He gas filled cavities as end 
product that certainly cause problems for any subsequent joining treatments. 
The solutes segregation in the vicinity of the grain boundaries and dislocations is caused by 
the site exchange between solute atoms and point defects [55]. The formation of point defect 
clusters is the simplest interaction of point defects, whereby point defects gather and form clusters 
such as dislocation loops and voids. Radiation-induced precipitation and formation of point defect 
clusters are known to potentially cause hardening-embrittlement. The behavior of self-interstitial 
defects in Fe specifically attracted much interests because of their industrial importance. Self-
interstitial atoms have a unique behavior in Fe when compared to the other BCC metals. This is 
that the <110> self-interstitial is more stable than the <111> self-interstitial. In the case of 
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industrial steels, Cr is essential for the corrosion resistance of the steels. Further, the interaction 
between point defects and Cr atoms has been investigated in many studies. A firm understanding 
of the effect of radiation on materials is required to design and improve more radiation-tolerant 
materials. 
 
1.5.3 Radiation effects on ODS steels 
 
For the application of the ODS steels to nuclear power plant as a structural material, the 
phase stability of the oxide particles under irradiation is essential. Since the dispersed fine oxide 
particles play a role as trapping site for radiation-induced point defects, ODS steels have 
extremely higher resistance than the other conventional steels. . 
Kimura et. al [14] researched that a number of small dislocation loops were observed in 
19Cr-4.5Al ODS steel after the ion-irradiation at 300 °C up to 20 dpa, although no significant 
change was observed for the other structures such as voids and precipitates. Furthermore, at 
300 °C, any significant effects such as formation of dislocation loops and voids, and precipitation 
of secondary phases were not observed. At 700 °C, however, the irradiation caused a change in 
the precipitation behavior, showing that carbides precipitated both in grains and along grain 
boundaries. The irradiation hardening of 19Cr- 4.5Al ODS steel increased with increasing the 
irradiation dose at 300 °C. On the other hand, no hardening was observed at 500 °C for 19Cr-
ODS steel. The ion irradiation hardening at 300 °C is considered to be due to the formation of 
dislocation loops but not the Cr-rich phases, since no such a phase was observed after the 
irradiation. It should be noticed that even at 300 °C the Cr-rich phases were not formed up to 10 




1.6 Objectives of this research 
 
As described above, high Cr ODS ferritic steels are a promising candidate for structural 
material of advanced nuclear power systems, GEN-IV fission and fusion reactors. The ODS steels 
have high advantages such as excellent resistance to irradiation embrittlement, high strength at 
elevated temperature and corrosion resistance. Recrystallization process is a critical issue for 
better formability in the fabrication process of cladding tube of ODS steel, which can reduce 
anisotropy in the mechanical properties caused by elongated grains. Mechanical properties are 
closely related with microstructural features like grain size and their morphology. These 
parameters are affected by recrystallization treatment that may simultaneously change both the 
grain size and oxide particle morphology [56, 57]. Detailed information concerning the change in 
the grain and oxide particle morphology of the ODS steels, its orientation with respect to the alloy 
matrix, and the individual elementary composition by recrystallization treatment and their effects 
in the mechanical properties are still unclear.  In this research, therefore, recrystallization 
behavior of ODS ferritic steel is investigated to understand the effects of recrystallization on 
materials performance of ODS ferritic steels with focusing on the hardness and microstructural 
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Microstructure and Mechanical Property of  











High performance characteristic features of ODS steels comes from fine microstructures 
consisted of dispersed nano-sized oxide particles with high number density and very fine grains. 
Among the issues for practical application of ODS ferritic steels, tube processing is most critical. 
ODS steels are often hot-extruded as a fabrication process and grains are elongated along with the 
extrusion direction, which causes an anisotropy in their mechanical properties showing less 
ductile properties in the radial direction. In order to reduce the anisotropy, recrystallization 
behavior has been investigated with keeping performance of ODS steels [1-5].  
The chemical compositions such as Cr and Al affect not only corrosion resistance but also 
grain morphology with influencing oxide particles dispersion morphology. However, the detail of 
the effects has not been cleared yet. The recrystallization behavior is expected to be different 
between Al-added and Al-free ODS steel since Al has a strong effect on the oxide particles 
dispersion morphology. Oxide particles may have a grain boundary pinning effect as well as a 
strengthening effect. Therefore, an ODS steel and a ferritic steel without oxide particles are 
compared to investigate the effect of oxide particle on the recrystallization behavior. In this 
research, the recrystallization behavior and microstructure change affected by annealing 
processing of a 16-Cr conventional ferritic steel, SUS430, is investigated. In comparison to 
SUS430, the recrystallization behavior of 15Cr-ODS ferritic steels with and without Al addition is 
investigated with focusing on the correlation between microstructure and mechanical properties. 
The effect of recrystallization on the anisotropy and the specimen size effect on mechanical 










2.2.1.1 ODS steels 
The ODS steels used in this study are an Al-added ODS steel, composed of Fe (Bal.)-15Cr-
2W-4Al-0.5Zr-0.33Y2O3 and an Al-free ODS steel, Fe (Bal.)-15Cr-2W-0.2Ti-0.33Y2O3. Chemical 
compositions of the ODS steels are shown in Table 2-1. These ODS ferritic steels were fabricated 
as follows; pre-alloyed powders and Y2O3 powder were mechanically alloyed by an attriter under 
Ar gas atmosphere. Mechanical alloying was performed at a rotation speed of 220 rpm for 48 
hours. After mechanical alloying, fine powders were sieved out and encapsulated in a capsule 
made of mild steel. After the capsules were degassed in a vacuum of 10-3 torr. at 400 ºC for 3h, 
hot extrusion was carried out at 1150 °C to shape into a rod with 25 mm diameter. The annealing 
processing at 1150 °C were performed for 1 hour for straightening and followed by air-cooling. 
The schematic diagram of processing for ODS steel is shown in Fig. 2-1 [3, 6, 7]. Through several 
experience of material fabrication processing, relatively large oxide particles of Al-Y complex 
oxide are observed in Al-added ODS steel, and these particles are believed to cause poor 
mechanical properties. However, a small amount of Zr addition to the Al-added ODS steel 
resulted in the refinement of oxide particles. It was shown that many Al-Y complex oxide 
particles are replaced by Zr-Y complex oxide by adding a small amount of Zr [8-10]. 
 
3.2.1.2 SUS 430 steels 
SUS430 steel (Nilaco. Co. Japan, Table 2-2), of which the Cr content is similar to the ODS 
steels is used. 15Cr-ferritic alloy is contained high Cr, no transformation to γ phase or σ phase at 






Table 2-1 Chemical composition of Al-added and Al-free ODS ferritic steel 
Elements Composition (wt %) 
Type Al-added Al-free 
Fe Bal. Bal. 
C 0.031 0.045 
Si 0.02 0.03 
Mn 0.02 0.03 
P 0.005 0.005 
S 0.0015 0.0015 
Cr 14.7 13.6 
W 1.0 1.9 
Al 3.3 0.02 
Ti  0.16 
Zr 0.51  
Y2O3 0.33 0.33 
Ex.O 0.04 0.04 






Table 2-2 Chemical composition of SUS 430 
Elements Fe Cr C Si Mn Ni P S 








Figure 2-1 Fabrication schematic of ODS ferritic steel [3, 6, 7] 
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Figure 2-2 Fe-Cr phase diagram in ideal condition 
 
 
2.2.2 Recrystallization treatment 
 
The specimens, of which the geometry measures 10 x 10 x 1 mm3, for annealing experiments to 
investigate recrystallization behavior were prepared from SUS 430 steel plates in as-received 
condition and 40 % cold rolled condition. Isothermal annealing was carried out at each temperature 
ranging from 300 °C to 1000 °C for 1 hour with a step of 100 C. The microstructures are observed 
and the change of Vickers hardness is examined. ODS steels were fabricated from the bars to measure 
the recrystallization temperature and their microstructure evolution. Both Al-added and Al-free ODS 
steels were isothermally annealed at each temperatures ranging from 1050 °C to 1400 °C with a step 
of 50 °C for 1 hour. Hot press machine (versatile high temperature furnace, FVPHP-R-5, Fuji Dempa 
Kogyo Co.) was used for annealing in a vacuum condition as shown Fig. 2-3. The heating rate was 
30 °C/min followed by furnace cooling.  
After annealing processing, microstructures were observed by scanning electron microscope 







2.2.3 Microstructure observation 
 
For microstructural observation, the specimens after annealing were mechanically grinded with 
#800, #1200, #2400 and #4000 emery SiC papers. And then they were buff-polished with diamond 
paste in order of 6, 3, 1 and 0.25 µm diameters. Finally, colloidal silica polishing with 0.04 µm was 
performed [11]. The grain morphology was observed by field emission scanning electron microscope 
(FE-SEM) installed in field emission electron probe micro analyzer (FE-EPMA, JXA-8500FK, JEOL 
co., Japan).  
Electron backscattering diffraction pattern (EBSD, Ultra-55, Zeiss Co., Germany) technique 
was also employed to analyze the texture, grain size and grain orientation as a useful crystallographic 
information. EBSD is known as an electron backscatter diffraction method for lattice structure 
determination using the Kikuchi pattern induced by back-scattered X-ray. To collect these patterns, the 
sample is tilted in SEM to approximately 70 o as shown in Fig. 2-4. Observed surface is ND-RD 
surface (//TD). The collected data was analyzed by TSL OIM software. 
The 3mm TEM discs specimens for transmission electron microscopy (TEM) observation were 
sampled from the specimens before and after annealing both Al-added and Al-free ODS steel. Then, 
they were mechanically ground to a thickness of 60 m and electro polishing with HClO4 and CH3OH 
(1:19) at 20 V for 3~4minutes using Tenupole machine. Finally it is prepared by the ion beam milling  
 
Figure 2-3 Annealing method using hot press, 
FVPHP-R-5 




technique with Gentle mill machine up to the specimen thickness below 100 nm. The effect of 
annealing processing on the oxide particle distribution morphology was evaluated by TEM (JEM-
2010, JEOL co., Japan) with an acceleration voltage of 200 kV. 
 
2.2.4 Measurement of mechanical properties  
 
2.2.4.1 Micro Vickers hardness test 
Micro Vickers hardness measurements were performed after isothermal annealing using a 
square-based diamond-pyramid indenter with an included angle of 136 ° between opposite faced. The 
load range is usually between 1~50 kgf, meanwhile, it is between 0.05~1000 gf in a case of micro-
Vickers hardness test. As a result of the indenter’s shape, an impression on the surface of the specimen 
will be a square. Thus, when test load is P (kgf) and average diagonal length of squared impression is 
d (mm), the Vickers hardness, Hv, can be expressed as; 
 
Hv = (2P/d2) sin (θ/2) = 1.8544 P/d2                    (2.1) 
 
In this study, Micro Vickers Hardness tester (HM-102, Akashi co. Japan) was used to evaluate 
the hardness before and after annealing with a load of 1kgf for 10 seconds [12]. The averaged data 
was obtained from at least ten measurements for each specimen. The sample surface for the hardness 
evaluation was finally polished with a diamond paste of 6 m. 
 
2.2.4.2 Miniaturized tensile test 
Anisotropy in the mechanical properties was investigated before and after annealing with 
miniaturized tensile specimens. The geometry of tensile specimen (SS-J2 sheet type) [6] measures 5 
mm (l) x 1.2 mm (w) x 1.2 mm (t). For anisotropy examination, tensile test specimens were fabricated 
with three sampling directions relative to the extruded direction, which were L (longitudinal direction), 
Q (45 º direction) and C (transverse direction) as shown Fig. 2-5. The specimen thickness was mostly 
1.2 mm that is same with the specimen width to consider the effect of the shape of cross sectional area 




thickness effect on tensile properties. To investigate tensile property differences between before and 
after annealing at 1350 ºC, the miniaturized tensile specimens were deformed at a strain rate of 
6.7×10-4 s-1 at room temperature and elevated temperatures at 700 ºC in a vacuum (<5×10-5 torr) with 




Figure 2-5 Geometric and directions of tensile specimens 
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2.3 Results and discussions 
 
2.3.1 Annealing behavior of SUS 430 
 
2.3.1.1 Microstructure change 
Fig.2-6 shows the grain morphologies of both as-received and 40 % cold rolled SUS 430 after 
annealing at each temperature. The grain morphologies of as-received specimen were not significantly 
changed until at 700 ºC, and the grain size after annealing at 800 ºC was a little bigger than that before 
annealing. In case of 40 % cold rolled specimen, the grains are elongated along with cold rolling 
direction before annealing. After annealing at 700 ºC, recrystallization occurred and their grain shape 
morphology was exquiaxed with reducing anisotropy. These grains grew a little by annealing at 800 
ºC. Above 900 ºC, fine microstructure was observed near grain boundaries in both as-received and 
40 % cold rolled specimens, and the amount of fine microstructure is gradually increased at 1000 ºC 
as shown in SEM images. The result of EBSD analysis, as shown in Fig, 2-7, indicates that sub-grain 
boundaries below 5 ° are formed in 40 % cold rolled specimen before annealing, which is shown as 
white lines inside the grains. It is considered that the dislocations generated by cold rolling are 
thermally polygonized by annealing. The fine sub-grains created above 900 ºC have no preferred 
orientation texture. Also, they appear to increase at 1000 ºC in comparison to that at 900 ºC. The fine 
microstructure may be secondary phase from γ phase, which is resided during annealing process at 
above 900 ºC. Fig. 2-8 (a) shows an Fe-Cr phase diagram with 0.05 wt.% C. As carbon is stabilizer of 
austenitic phase, the upper limit Cr concentration beyond which austenite no longer forms is increased 
with addition of carbon. SUS 430 contained about 0.018 wt% C. Referring to Fe-Cr-C ternary phase 
diagram, the stainless steel has not only ferritic structure but also austenitic phase in the range of Cr 
content 12-18 % in addition with 0.05 wt.% C at elevated temperatures (Fig. 2-8, (b)).  L. Colombier 
and J. Hochmann [13] reported that martensitec phase were observed in the ferrite phase of Fe-17 % 
Cr stainless steel after water quenching from 1200 ºC. Also, the fraction of austenitic phase was 
increased with increasing carbon contents. Therefore, it is considered that the fine microstructure 
observed in this study stems from the austenite phase, even it is very small amounts. According to 
Sourmail [14], M23C6 is generated from austenitic state. Because nucleation is relatively easier on  
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Figure 2-7 Grain orientation map of as-received and 40 % cold rolled SUS 430 after annealing 
 




Figure 2-8 Fe-Cr isothermal phase diagram according to Cr and C contents; (a) Fe-Cr phase as 




grain boundaries, there is a very strong tendency for localized precipitation. Precipitation also does 
occur after longer exposure at high temperatures. Depending on the composition, M23C6 can be found 
on grain boundaries after only a few minutes at temperatures around 750 °C. The range of temperature 
in which sensitization occurs is bounded in the lower temperatures by the very slow kinetics of 
diffusion controlled transformations, and in the higher temperatures, by the fact that chromium 
depletion is less pronounced at higher temperatures [15, 16]. Since the carbon concentration is 0.018 
wt.% in the steel, the amount of carbides is considered to be small.  
 
2.3.1.2 Hardness change 
Mechanical properties are essentially related to microstructure. Fig. 2-9 is the Vickers hardness 
of the as-received and 40% cold rolled SUS430 measured after isothermal annealing at each 
temperature. The hardness of as-received SUS 430 is almost unchanged until heating up to 850 ºC, 
which reflects no change in grain size. In case of the 40 % cold rolled SUS 430, the hardness is higher 
than that of as-received specimen caused by high dislocation density by cold rolling process, as 
referred to earlier shown Fig. 2-7. The hardness of cold rolled specimens is abruptly reduced and 
becomes similar with that of as-received specimen at around 700 ºC, at which dislocations generated 
by cold rolling recover. Also, recovery process is finished and recrystallization is progressed above 
700 ºC. Above 850 ºC, the Vickers hardness of both as-received and 40 % cold rolled SUS 430 are 
increased.  
Figure 2-9 Vickers hardness of as-received and 40 % cold rolled SUS 430  
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2.3.2 Annealing behavior of ODS ferritic steels 
 
2.3.2.1 Microstructure change 
The strengthening mechanism of ODS steels is interpreted in terms of dispersion strengthening 
of fine oxide particles that obstruct migration of dislocation. In addition, the fine oxide particles also 
interrupt migration of grain boundaries, and consequently recrystallization of ODS steel is difficult to 
occur even annealed at elevated temperature. Fig. 2-10 shows the microstructure after annealing at 
each temperature by SEM and EBSD analysis. In case of Al-added ODS steel, the grains have 
anisotropy in their shape, elongated grains along with the extruded direction are observed before 
annealing. Also, the majority of planes in IPF (Inverse pole figure) are mostly {111} of blue colored 
area with a little area of {001} of red colored area. After isothermally annealed at each temperature 
for 1 hour below 1300 °C, grain morphologies are stable and textures are also not significantly 
changed, although the texture intensity is a little reduced. However, the grain after annealing at 
1350 °C becomes abruptly bigger (noticed that scale bar of SEM image in Al-added ODS steel 
annealed at 1350 °C is different from the others). In contrast, in case of Al-free ODS steel, the 
elongated grains before annealing are finer than that of Al-added ODS steel, and that grain size are not 
considerably coarsened until annealing at 1400 °C. In IPF map, {111} planes are mainly distributed 
and a little {001}, {110} planes are observed. In both ODS steels, the grain orientation tends to rotate 
to <211> by annealing. The orientation of grains are examined more in detail in the (110) pole figure, 
as shown in Fig. 2-11. Before annealing, the RD orientation of both Al-added and Al-free ODS steel is 
<110>, which is parallel to extruded direction. It is well known as a typical α-fiber texture (Fig. 2-12) 
in body centered cubic material, which is <110>//RD, thus the grains on TD are rotating around 
<011>-<111> edge of an orientation triangle between {001} <110> and {111} <110> [18-26]. After 
annealing at 1350 °C, the orientation of Al-added ODS steel is changed to {110} <100> that is so 
called Goss orientation accompanied by secondary recrystallization. Therefore, in Al-added ODS steel, 
the recrystallization accompanied by a significant grain growth occur at above 1300 °C. On the other 
hand, in Al-free ODS steel, the strong α-fiber texture is not changed until 1400 °C, even the intensity 
of {001} <110> becomes higher than that before annealing, suggesting that Al-free ODS steel appears 
to start to recrystallize at around 1400 °C.  
 51 
 









Figure 2-11 Pole figures of Al-added and 











Figure 2-12 φ=45 ° section of Euler space
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The grain size of Al-added ODS steel is bigger than that of Al-free ODS steel both before and 
after annealing, and the recrystallization is also easy to occur in Al-added ODSS. The grain size was 
measured by a grain intercept method, in which the number of intersects of the lines and grain 
boundaries were counted and find the average of the length of segments between the intercepts to line 
length as below;  
 
Dm = L∙P∙10
3 /z∙V                             (2.2) 
 
where Dm is grain size, L is line length on the micrograph, P is the number of lines. Also, Z is the 
number of intersects on all the lines and V is magnification of micrograph. Since the grains have 
anisotropy in the shape, the lines were drown perpendicular and parallel to the elongated grains. The 
obtained values are indicated in Table 2-3. The grain size of both Al-added and Al-free ODS steel 
gradually increases with increasing the annealing temperature. However, grain growth of Al-free ODS 
steel is very slow even up to 1400 °C.  
 









2.3.2.2 Mechanical property change 
(1) Vickers hardness 
Recrystallization is usually accompanied by a reduction in the strength and hardness of material 
caused by annealing out of dislocations and grain growth during annealing. Thus, the reduction of 
hardness reflects their recrystallization process and the temperature showing abrupt decrease in the  
  
Materials Al-added ODSS Al-free ODSS 
Before annealing 1.55 µm 0.96 µm 
1250 °C 1.80 µm 1.02 µm 
1300 °C 2.03 µm 1.15 µm 
1350 °C 230 µm 1.16 µm 
1400 °C -- 1.29 µm 
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hardness can be defined as recrystallization temperature. The results of Vickers hardness test after 
isothermal annealing for 1 hour at each temperature are shown in Fig. 2-13. The hardness of both 
materials is reduced with increasing annealing temperature. Al-added ODS steel has lower hardness 
than that of Al-free ODS steel in whole regions.  
In Al-added ODS steel, the hardness is abruptly decreased at above 1300 °C. It clearly indicates 
that Al-added ODS steel is recrystallized above 1300 °C in accordance with Vickers hardness change 
and also grain morphology change as shown Fig. 2-10 and 2-11. Therefore, the decrease in the 
hardness is due to annealing out of dislocations and grain growth by annealing. In case of Al-free 
ODS steel, there are two stages for reducing the hardness between 1250 °C and 1350 °C and above 
1350 °C. But their grain size and deformation texture (also as shown Fig. 2-10 and 2-11) are not 
remarkably changed. Therefore, Al-free ODS steel is not fully recrystallized until 1400 °C. Although 
the grain morphology is not changed drastically, the Vickers hardness is reduced with increasing 
annealing temperature. It is considered that not recrystallization but recovery also determined the 
hardness, and strain induced a slight mount of grain boundary migration. The reduction of hardness at 








(2) Tensile properties 
It was revealed by EBSD analysis that the grain shape has anisotropy related with elongated 
direction. The anisotropy in the mechanical properties was investigated in accordance to the 
recrystallization temperature of Al-added ODS steel. The specimens before and after annealing at 
1350 °C for 1 hour were prepared for tensile test.  
Fig. 2-14 is the stress-strain behavior of both Al-added and Al-free ODS steel with different 
specimen sampling directions and tested at room temperature before and after recrystallization. The 
specimen thickness is 1.2 mm so that the cross section is a square. After recrystallization, the tensile 
strength of Al-added ODS steel is significantly reduced but almost no change in the total elongation 
(notice the difference of yield strength and total elongation in right graph). As for anisotropy, the 
strength of L direction along with extruded direction is a little higher than that of Q direction of 45 ° 
with extruded direction before annealing, but it is almost same after recrystallization. Total elongation 
of C direction is lowest before and after recrystallization, but it is not significantly different with each 
direction and recrystallization behavior. The Al-free ODS steel shows similar behavior with the Al-
added ODS steel even after the annealing at 1350 °C, indicating that the yield strength of L direction 
is higher, and the total elongation of C direction is the lowest before and after annealing. The total 
elongation is rarely changed by the annealing. Generally, the tensile strength of Al-free ODS steel is 
much higher than that of Al-added ODS steel in both before and after recrystallization treatment, even 
total elongation is similar each material. The yield stress difference between the specimens with and 
without annealing in Al-added ODS steel is bigger than that of Al-free ODS steel, which is considered 
to be due to the difference in grains and oxide particles morphology caused by Al addition. In case of 
Al-free ODS steel, the grain size is very small even after the annealing and the reduction of strength is 
considered to be due to annealing out of dislocations, that is, recovery but not by recrystallization. 
Fig. 2-15 is grain morphologies in the necking part of Al-added ODS steel observed by FE- 
SEM. The grains of Al-added ODS steel are oriented with different directions, which are L, Q and C 
direction according to the extruded direction. Also, the edge of fracture surface is orientated with each 
grain direction. For example, the fracture surface of the specimen of C direction is parallel to the 
elongated grain direction. The difference in grain orientation reflected on the tensile results and 






Figure 2-14 Stress-strain curves of both Al-added and Al-free ODS steel after tensile tests at room temperature 
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The specimen cross section is 1.2 mm square and there might be size effect on anisotropy in 
mechanical properties as discussed later. All the specimens show ductile fracture with small dimples 
on the fracture surface, and no effect of recrystallization on the fracture mode was observed, although 
ductile behavior appears more significant after recrystallization.  
Al-added ODS steel is more ductile than that of Al-free ODS steel before and after annealing. 
Before annealing, the grain morphology is observed in the fracture surface, indicating that the fracture 
occurred along with grain morphology. It should be noticed that the specimens after recrystallization 
have coarse grains, which causes the isotropic rotation of slip plane and shows rather high reduction 
in area in Al-added ODS steel. In Al-free ODS steel, the fracture mode is also ductile showing very 
fine dimples in high magnification. After annealing at 1350 °C, the dimples are bigger and grain 
morphologies still remain along with each direction in fracture surface. These tensile test results show 
similar tendency with Vickers hardness as shown in Fig. 2-17.  The lower mechanical properties of 
Al-added ODS steel than that of Al-free ODS steel is caused by softening effect of Al. 
 
 
Figure 2-15 Grain morphology of Al-added ODS steel after tensile test at room temperature 
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Figure 2-16 Fracture surfaces of both Al-added and Al-free ODS steel after tensile tests at room temperature
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 The results of tensile test at 700 °C are shown Fig. 2-18. As is expected that, in all of the case, 
the strength is lower and the elongation is larger than those at room temperature. The strength of Al-
free ODS steel is still higher than that of Al-added ODS steel, and the difference is reduced in 
annealed specimens of both steels. In Al-free ODS steel, the difference in strength between before and 
after annealing is not large such as result at room temperature. The difference in elongation by 
annealing is conversely larger than that at room temperature. In contrast to the results at room 
temperature, a remarkable anisotropy is observed when tested at 700 °C. The strength of Al-added 
ODS steel is largest in the L direction, and the elongation appears smallest in the line of C direction 
both before and after annealing. In case of Al-free ODS steel, the yield strength is not significantly 
different before and after annealing, but the total elongation is particularly noticeable to change in Q 
and C direction. There is a large difference among three directions: L direction is the highest and C 
direction is the lowest. After annealing, the elongation of L direction is not changed but it is larger in 
Q direction, which almost same with L direction. C direction has the lowest elongation but it is also 
increased after annealing. The each specimen of Al-added ODS steel has a much larger elongation 
than that of Al-free ODS steel, although the change by the annealing is significant in Al-added ODS 
steel.  As shown in Fig. 2-19, the size of dimples on fracture surface of all cases are bigger than that 
of the specimens tested at room temperature, also the specimen of C direction fractured along grain 
growth direction. 




Figure 2-18 Stress-strain curves of both Al-added and Al-free ODS steel after tensile test at 700 °C 
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Figure 2-19 Fracture surfaces of both Al-added and Al-free ODS steel after tensile tests at 700 °C
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2.3.2.3 Specimen size effect in tensile properties  
Fig. 2-20 shows the summary of anisotropy in tensile properties together with the data obtained 
for the specimens with different specimen thickness. Black bars are tensile properties of the 
specimens with L direction, gray bars are the one of Q direction and white bars are of C direction, and 
each colored bar is of 3 different thickness of specimens. There is no significant anisotropy in the 
strength at (a) room temperature and (b) 700 °C, as expected from the anisotropy in grain morphology.  
However, the reduction of total elongation by recrystallization was affected by specimen thickness, 
especially when tensile tested at (d) 700 ˚C. In case of Al-added ODS steel, the reduction percent of 
total elongation in L direction is similar for both the specimens with the thickness of 1.2 mm and 0.25 
mm, which can be indicated (1) - (2) = 14 % and (3) - (4) = 13 %. In contrast to this, (5) - (6) = 21 % 
and (7) - (8) = 32 % in C direction, which indicate that the anisotropy is more significant for the 
specimen of 0.25 mm thickness than that of 1.2 mm thickness. Again, the elongation of C direction 
with 0.25 mm specimen is lowest in all of the specimens.  
Fig. 2-21 is the necking behavior observed for both the specimens with L and C direction tested 
at 700 °C. The blanketed numbers are corresponding to those in Fig. 2-20 (d). It can be said that the 
thinner specimen is the easier to deform. The fracture mode is simply descripted in Fig. 2-22. After 
recrystallization, the total grain boundary energy of coarse grains in Al-added ODS steel is decreased 
and furthermore it decreases with reducing the thickness of specimen. The total grain boundary area 
of C direction is more affected by specimen thickness than that of L direction. However, at room 
temperature, the anisotropy appears to be not so depending on specimen size effects. In the fabrication 
process for cladding tube, anisotropy can be considered for the processing, although all the specimens 
with different sampling direction and different thickness have total elongation above 10 % at ambient 
temperature. As shown in Fig. 2-21 (c), the change in the fracture behavior of Al-free ODS steel is 
much smaller than that of Al-added ODS steel, which suggests that the grain size is not significantly 
changed by annealing at 1350 ˚C.
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Figure 2-20 The yield stress of both ODS steels deformed at room temperature (a) and 700 C (b), and the total elongation of both ODS steels deformed at 




Figure 2-21 Fracture surface of Al-added ODS steel observed from specimen side surface (a) L 











2.3.3 Distribution morphologies of dispersed oxide particles 
 
The dispersed oxide particles in the ODS steels are observed by TEM, and shown in Fig. 2-23. 
The oxide particles are very fine and dispersed in high number density in matrix. Therefore, it plays a 
role in reinforcement and improves the mechanical properties of ODS ferritic steels. In general, these 
oxide particles may have pinning effect on grain boundaries and retards grain boundary migration.  
The size of oxide particles in Al-added ODS steel are larger than that of Al-free ODS steel 
before annealing. Al-free ODS steel has very fine oxide particles even after annealing at 1400 °C. 
Table 2-4 indicates the mean diameter and number density of oxide particles in each specimen. The 
mean diameter of Al-added ODS steel became larger and the number density is lower after annealing 
at 1350 °C. The oxide particles of Al-free ODS steel is very small and dispersed in high number 
density before annealing. After annealing at 1400 °C, the particle size and number density become 
similar with Al-added ODS steel but before annealing. It is considered that the ultra-fine oxide 
particles are formed at around 1250 °C as Y-Ti-O that is necessary to obtain high strength at elevated 
temperatures. Those fine oxide particles restrain recrystallization by pinning grain boundaries in ODS 
steel, so it interrupts the grain boundary migration effectively and caused retardation of 
recrystallization. The oxide particles are highly thermo-dynamically stable so that they still remain at 
high number density and small particle size even after annealing at 1400 °C as shown Fig. 2-23 (d). 
 
Figure 2-23 Effects of annealing on the dispersion morphology of oxide particles in the Al-added and 




In Al-added ODS steel, however, rather large oxide particles are preferentially formed as Al-Y-
O instead of Y-Ti-O. These Al-Y-O particles are much larger than that of Y-Ti-O particles, which 
results in lower strength than the Al-free ODS steels in our previous work [27]. It was found that the 
simultaneous addition of Zr and Ti made oxide particles to be fine in Al-added ODS steels. However, 
single atom addition of Zr is not effective to reduce the size of oxide particles. 
A large size and small number density of oxide particles are not effective to pin the grain 
boundaries. It is expected that the grain boundaries are easy to migrate in the existence of coarse 
oxide particles, which results in the easier occurrence of recrystallization than Al-free ODS steel. Also, 
it is assumed that secondary recrystallization by Ostwald ripening occurred in Al-added ODS steel at 







Table 2-4 Distributions of oxide particles before and after annealing 










Mean diameter 11 nm 23 nm 4 nm 19 nm 








In this research, the recrystallization behavior of 15Cr-ODS ferritic steels with and without Al 
addition is investigated with focusing on the correlation between microstructure and mechanical 
properties in comparison to SUS430 which contains 16 wt.% Cr. The effect of recrystallization on the 
anisotropy and the specimen size effect on mechanical properties are also investigated for these two 
ODS steels. The results obtained are summarized as follows; 
1) The microstructure and Vickers hardness of as-received SUS 430 is not changed until around 
850 °C, meanwhile 40% cold rolled SUS 430 is recrystallized at above 700 °C. Both of the SUS 
430 have new fine microstructure when they are annealed at above 850 °C, and Vickers hardness is 
increased. This is due to the small amount of phase transformation from γ to α or even α’ during 
cooling from annealing temperature.  
2) The Vickers hardness and tensile strength is reduced after recrystallization. The yield stress of Al-
added ODS steel is considerably reduced by the recrystallization at 1350 °C, while Al-free ODS 
steel is not fully recrystallized even after the annealing up to 1400 °C, and the reduction of the 
yield stress is small. The result of tensile test at 700 °C also shows the reduction of the yield stress, 
which is almost same as the results at room temperature. 
3) The deformation texture is still observed in both ODS steels even after recrystallization. The 
anisotropy in the tensile properties at room temperature was not influenced by recrystallization, 
although the tensile strength at 700 °C indicated some anisotropy in both Al-added and Al-free 
ODS steel. The total elongation tested at 700 °C is reduced by annealing, and it becomes 
significant in the specimen with C direction. It is suggested that the total grain boundary area is 
more reduced in the C direction. Since the grain morphology of Al-free ODS steel is not changed 
by annealing, the anisotropy also is unaffected by annealing.  
4) Anisotropy of tensile elongation is more obvious with decreasing the thickness of specimen.  
5) The Al addition reduces recrystallization temperature caused by lowering pinning effect through 
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Understanding recrystallization behavior is important for ODS ferritic steels to apply for 
cladding material for GEN IV systems and also first wall structural material for fusion blanket.  
As shown in Chapter 2, recrystallization of ODS steel is harder than a conventional ferritic 
steel caused by the existence of oxide particles as obstacle for grain boundary migration as well as 
dislocation motion. There are several factors determining recrystallization behavior such as cold 
rolling, annealing method and chemical compositions. Since amount of strain may control strain 
energy that accelerates recrystallization [1-4], it is considered that the cold rolling process may 
affect the following recrystallization behavior. Therefore it is expected that cold rolling process 
assists recrystallization for ODS steels. In this research, effect of cold rolling on recrystallization 
behavior of ODS ferritic steel is investigated as follows:   
1) For comparison, the recrystallization behavior of the ODS steel produced by hot isostatic 
processing of the laboratory scale is investigated together with that of cold rolled ODS steel.  
2) Cold rolling with different reduction ratio is carried out in two directions according to the 
extrusion direction (ED); one is RD, which is cold rolled along with the extrusion direction 





3.2 Experimental procedure 
 
3.2.1 Hot isostatic processing 
 
ODS steels are usually consolidated by hot extrusion processing or hot isostatic processing 
after mechanical alloying, and the grain morphology and microstructure are different between the 
products fabricated by each fabrication processing. Therefore, HIPed ODS ferritic steel, which 
contains Al, is prepared to examine the grain morphology change by fabrication processing 
conditions.   
The Al-free ODS steel composed of Fe (bal.)-15Cr-0.1Ti-0.35Y2O3 is used in this study. 
The mechanically alloyed powders are sintered in hot press, as shown in Fig. 3-1 (a) using a hot 
press machine. The heating conditions were programed as shown in Fig. 3-1 (b). The powers in a 
graphite sleeve were firstly degassed at 400 °C for 2 hours then heated up to 1150 °C for holding 
for 2 hours at a pressure of 60 MPa and followed by furnace cooling [5]. After hot isostatic 





Figure 3-1 Hot isostatic processing of ODS ferritic steel;  
(a) schematic view of hot press, and (b) heating up and pressure diagram 
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3.2.2 Cold rolling processing 
 
Al-added and Al-free ODS ferritic steels are used for cold rolling processing after hot extrusion, 
of which the chemical compositions are same as Table 2-1.  
The specimens of both the steels, which measure 10 mm (w) x 10 mm (l) x 1 mm (t), were cold 
rolled in the extrusion direction, which is named as RD direction (Fig. 3-2 (a)). The reduction ratio of 
specimen thickness was 20 %, 40 % and 80 % for both ODS steels, and each specimen was subjected 
to isothermal annealing in a vacuum at temperatures from 850 ºC to 1400 ºC with 50 ºC steps for 1 
hour. Heating rate for the annealing was 30 ºC/min and the specimens were cooled in the furnace. All 
annealing process is performed by using hot press machine. To investigate the effects of cold rolling 
direction, another cold rolling was performed in the direction that the rolling direction is 
perpendicular to the extrusion direction, and called TD, with only 40 % of reduction ratio (Fig. 3-2 
(b)). Tube manufacturing is practically conducted by repeating a set of cold rolling-annealing 
processing [6-9]. As shown in Fig. 3-3, the 40 % cold rolled Al-added and Al-free ODS steels were 
annealed at just below recrystallization temperature. And then, second cold rolling with 40 % 
reduction ratio was performed following second annealing at temperatures between 850 °C and 
1400 °C.  
 
3.2.3 Micro Vickers hardness test  
 
Hardness measurements were performed after isothermal annealing. The surface of the 
specimen was mechanically grinded with emery SiC papers until #4000, and buff-polished with a 
diamond paste of 6 µm diameter. Micro-Vickers hardness tests for each cold rolling sample before and 
after annealing were carried out with a load of 1 kgf for 10 seconds. 
Figure 3-2 Schematic view of cold rolling direction along with extrusion direction 
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Figure 3-3 A series of cold rolling and annealing processing 
 
3.2.4 Microstructure observation  
 
The annealed samples were mechanically grinded with #800, #1200, #2400 and #4000 emery 
SiC papers. And then they were buff-polished with diamond paste of 6, 3, 1, 0.25 µm diameter. Finally, 
colloidal silica polishing with 0.04 µm diameter was performed. The grain morphology was observed 
by FE-SEM installed in FE-EPMA. EBSD analysis was carried out to obtain crystallographic 
information.  
The specimens for TEM observation were sampled from the plates with each cold rolling ratio 
after recrystallization treatment of Al-added and Al-free ODS steels by focused ion beam (FIB) 
technique using JFIB-2100 and FB-2200. Thin foil samples, which measure 5 × 10 × 0.1 m3, were 
prepared by Ga-ion bombardment and put on a Cu mesh. The surface damage layer induced by ion 
bombardment was removed by a gentle milling apparatus [10]. 
The effect of annealing on the oxide particle distribution morphology was examined by TEM 
(JEM-2010, JEOL co., Japan) with an acceleration voltage of 200 kV. All the micrographs were 






3.3 Results and discussions 
 
3.3.1 Annealing effect on HIPed 15Cr ODS ferritic steel 
 
3.3.1.1 Hardness change by annealing 
The Vickers hardness change by isothermal annealing is shown in Fig.3-4 for the HIPed 15Cr-
ODS ferritic steels with and without cold rolling. Both as-received and 40 % cold rolled HIPed ODS 
steels have lower Vickers hardness than those of extruded ODS steels (compared with Al-free ODS 
steel in Fig. 2-13). In as-received material, the Vickers hardness is reduced with increasing annealing 
temperature without any dramatic changes but showing a drop in the hardness between 1250 °C and 
1300 °C. In case of 40 % cold rolled specimen, the hardness is also gradually reduced with increasing 
annealing temperature, and there is also a drop in the hardness between 1150 °C and 1200 °C.  
The hardness of 40 % cold rolled specimen is a little higher than that of as-received specimen 
after annealing below 1150 °C because of a higher dislocation density by cold rolling. After annealing 
at 1150 °C, the hardness of 40 % cold rolled specimen is lower than that of as-received specimen. It is 
suggested that the recrystallization of cold rolled specimen occurs at around 1150 °C where the 
hardness decreases. The high internal stress built by cold rolling acts as driving force for 
recrystallization, consequently the cold rolled specimen can be recrystallized at lower temperatures 
than as-received specimens.  
 
Figure 3-4 Vickers hardness of as-received and 40% cold rolled HIPed ODS steel 
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3.3.1.2 Microstructure change by annealing  
The EBSD grain morphology before annealing is shown in Fig. 3-5 before annealing As-
received specimen doesn’t have anisotropy and equiaxed grains are randomly distributed. The grain 
size is 7.4 µm, which is larger than that of extruded ODS steel (compare with Fig. 2-10). 40 % cold 
rolled specimen was deformed along with the cold rolling direction, grains are also shapely elongated 
along with the rolling direction. Many grains are oriented as the surface normal is a <110> orientation.  
Fig. 3-6 shows the grain morphology after annealing at several temperatures observed by SEM. 
Before annealing, many pores exist on the specimen surface (high magnification picture in as-
received specimen before annealing), of which the number density is much larger than that of the 
extruded ODS steels. This difference is considered to be due to the difference in the processing after 
consolidification: no processing in HIPed ODS steel but normalizing annealing at 1050 °C in a 
vacuum in extruded ODS steel. Thus, pores are more formed and sintering density is relatively lower 
in the HIPed ODS steel than hot extruded ODS steel. The initial grain size of HIPed ODS steel is also 
bigger than that of extruded ODS steel, which is reflected on the hardness reduction in the HIPed 
ODS steel. P. Unifantowicz et. al [9] reported that a HIPed ODS steel had twice larger number density 
of micro-pores and the grain size was bigger than that of hot extruded ODS steel. The tensile strength 
and Vickers hardness of hot extruded ODS steel at room temperature is remarkably higher than that of 
the HIPed ODS steel, which agreed with the result of this research. It should to consider that the 
dispersed oxide particles also affect the mechanical properties as different fabrication processing. 
Although the mechanical properties are different as fabrication processing, grain morphologies 
including anisotropy and recrystallization behavior with cold rolling are more focused in this study.  
In as-received specimen as shown in Fig. 3-6, the grain morphology is not remarkably changed 
until annealing at 1200 °C and the recrystallization partially occurs at around 1250 °C. Finally, the 
recrystallization is completed at above 1300 °C, also the grain shape is isotropic. It is expected that 
recrystallization and grain growth resulted in the reduction of the Vickers hardness at above 1250 °C 
as is shown in Fig. 3-4. In case of 40 % cold rolled specimen, the recovery and recrystallization 
behavior competitively occurs from the annealing temperature of 1100 °C, where hardness is 
gradually decreased, and almost a half of grains changes their size after annealing above 1150 °C. 
Finally, all the grains are recrystallized at around 1200 °C. It is noticed that recrystallization results in 




after recrystallization. In other words, grains are returned to original morphology, which is almost 
same with that before the cold rolling. The recrystallization temperature is at around 1300 °C of as-
received specimen and 1200 °C of 40 % cold rolled specimen, respectively. Since the plastic 
deformation by cold rolling induces the internal stress and retained dislocations are rearranged or 
eliminated during annealing, the internal energy of material is reduced and there is a thermo-dynamic 
driving force for recrystallization, the high angle over 10~15 ° misorientation is migrated [11-13]. The 
high dislocation density induced by cold rolling accelerates recrystallizing at lower temperature.  
Grains are coarse after recrystallization both as-received and 40 % cold rolled specimen and the 
Vickers hardness is also reduced as increasing annealing temperature. The grains of 40 % cold rolled 













Figure 3-6 Grain morphology of as-received and 40 % cold rolled HIPed ODS steel after 




3.3.2 Annealing effect on extruded 15Cr ODS ferritic steel 
 
3.3.2.1 The hardness change by annealing 
Effect of cold rolling ratio on Vickers hardness after isothermal annealing both Al-added and 
Al-free ODS steel fabricated by hot extrusion is shown in Fig. 3-7, where the Vickers hardness is 
reduced as increasing annealing temperature both the steels. The hardness of Al-free ODS steel is still 
higher than that of Al-added ODS steel, except 80 % cold rolled specimen after annealed at above 
1300 °C.   
Before annealing, hardness is highest in 80 % cold rolled specimen, as expected, caused by 
inducing dislocations with the highest density. The hardness is abruptly decreased with increasing 
annealing temperature which decreases with increasing in the reduction ratio of cold rolling. It is 
considered that the reduction of hardness is due to annealing out of dislocations.  
Figure 3-7 Vickers hardness of Al-added and Al-free ODSS with different cold rolling ratio  
 
In case of Al-added ODS steel, the hardness of 20 % cold rolled specimen is reduced at around 
1350 °C, which is similar with as-received specimen (in Chapter 2). The annealing temperature 




850 °C in 80 % cold rolled specimen, respectively. In comparison to Al-added ODS steel, it is similar 
that the hardness reduction starts at a lower annealing temperature but the temperature is higher in Al-
free-ODS steel. The hardness of 40 % and 80 % cold rolled specimen are significantly decreased at 
around 1300 °C and 1250 °C, respectively.  
 
3.3.2.2 Grain morphology change by annealing 
Fig. 3-8 shows the examples of grain morphology change by annealing at different 
temperatures for both the ODS steels with different cold rolling ratio. These grain morphologies are 
those after annealing at each temperature where the Vickers hardness considerably decreased. The 
grain size of the specimens depends on annealing temperature, cold rolling radio and Al content of the 
ODS steel.  
The grain morphology of Al-added ODS steel was easily changed after annealing. The 
microstructure observation revealed that the recrystallization occurred in all the specimens shown in 
the figure. The grain size of 20 % cold rolled specimen is significantly increased after annealing at 
1350 °C, and 40 % cold rolled specimen has smaller grains than that of 20 % cold rolled one because 
of a lower annealing temperature of 950 °C. The Al-added steel with 80 % cold rolling shows the 
smallest grains of recrystallization after annealing at 850 °C, of which the Vickers hardness is 
abruptly reduced by the annealing. It is considered that the reduction of the hardness is due to not only 
the recovery of dislocations but also recrystallization, namely, grain coarsening. Grain growth 
becomes more significant with increasing annealing temperature and decreasing cold rolling ratio.   
The recrystallization behavior of Al-free ODS steel is considerably different from that of Al-
added ODS steel. The 20 % cold rolled Al-free ODS steel never shows recrystallization or grain 
growth after the annealing at 1350 °C, although the hardness is remarkably decreased at each 
annealing temperature. The grain morphology is similar to the case of the annealing at 1300 °C after 
40 % cold rolling. Therefore, not recrystallization but recovery induced the softening. The 80 % cold 
rolled specimen of Al-free ODS steel recrystallizes at above 1250 °C. It is confirmed that Al-free ODS 
steel is still hardly recrystallized after cold rolling processing. 
At moderate high temperatures, the recovery occurs easily and free dislocations will promptly 




between the deformed and recrystallized state, ∆E per unit volume, which can be determined by the 
dislocation density or the sub-grain size and surface energy [14]. 
  
∆E ≈ ρGb2 ≈ 3 γs/ds                                               (3.1) 
 
where ρ is the dislocation density, G is the shear modulus, b is the Burgers vector of the dislocations. 
γ is the sub-grain boundary energy and ds is the sub-grain size. 
 




Because the internal stress is too small to recrystallize at low cold rolling ratio, the annealing at 
higher temperature up to 1350 °C is required for grain growth along with the strong texture of 
extruded ODS steels. With increasing cold rolling ratio, the stored energy is increased and 
recrystallization was accelerated. 80 % cold rolling makes recrystallization occur at lower temperature. 
Deformation texture was examined by EBSD analysis and pole figures are shown in Fig. 3-9 
before and after annealing at each temperature. Before annealing, all the pole figures indicate that the 
<110> deformation texture developed along with the extrusion direction denoted as RD. The grain 
orientations are allocated on the edge of stereo triangle connecting <001> and <111>, which enables 
to define the texture as {112} <110> orientation. The grains are elongated parallel to the extrusion 
direction (ED) that is also the cold rolling direction in this case. As increasing the cold rolling 
reduction ratio, the more dense RD fiber is formed in both Al-added and Al-free ODS steels. After 
annealing, the pole figure changes in accordance with the annealing temperature and cold rolling ratio.  
The pole figure of 20 % cold rolled Al-added ODS steel after the annealing at 1350 °C indicates 
almost no texture in the extrusion direction, which agrees with the well-grown grains in Fig. 3-8. The 
orientation is {110} <100>, coarse Goss orientation in secondary recrystallization, it is same with 0 % 
cold rolling after recrystallization texture. In the 80 % cold rolled Al-added ODS steel, it is also 
shown that recrystallization relieves the strong deformation texture along with the extrusion direction. 
Furthermore, the grain orientations appear to change from {112} to {110}, {112} and {113} texture is 
increasing with high reduction ratio. But it is not secondary recrystallization texture.  
The Al-free ODS steel with 20 % and 40 % cold rolling show no change in the pole figure after 
the annealing, while 80 % cold rolled specimen shows a change in the pole figure showing rather 
random deformation structure. This trend reflects the change in the grain morphology from very fine 
grains to coarsened and elongated grains as shown in Fig. 3-8. 
As for the effect of Al addition on the recrystallization behavior of the ODS steel, all the 
experimental results indicate that the recrystallization of 15Cr-ODS ferritic steel is enhanced by the 






Figure 3-9 Pole figures with each cold rolled ratio before and after annealing 
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3.3.2.3 Distribution change of dispersed oxide particles by annealing 
Recrystallization is accompanied by grain growth through grain boundary motion. In the ODS 
steels, dispersed oxide particles play a role to pin down the grain boundary motion to cause 
retardation of recrystallization. Fig. 3-10 shows the morphology of dispersed oxide particles in each 
case. In the case of Al-added ODS steel, annealing caused remarkable grain growth and softening, 
indicating that recrystallization, which was accompanied by a remarkable Ostwald ripening, was 
induced in this ODS steel. Oxide particles are significantly coarser after annealing in as-received 
material as already shown in Fig. 2-23. As for Al-free ODS steel, the microstructure was surprisingly 
stable, showing almost no significant change in grain morphology, while the softening is considerable. 
Because ultra-fine oxide particles such as Y-Ti-O complex were dispersed in Al-free ODS steel, the 
ODS steels can obtain high strength at elevated temperatures. Consequently, it is suggested that the Y-
Ti-O fine oxide particles restrain recrystallization by pinning grain boundaries in Al-free ODS steel, 
while Al-added ODS steel was easily recrystallized because of weak pinning by a low number density 
of large Y-Al-O oxide particles. Also, the decreased hardness of Al-free ODS steel may be induced by 
the coarsening of Y-Al-O oxide particles. In the same vein, the 
hardness of Al-added ODS steel is lower than that of Al-free 
ODS steel caused by Al softening effect. After 80 % cold rolled 
specimen of Al-added ODS steel, the oxide particles are not 
coarse but similar size with as-received material at 850 °C. 
Although recrystallization is occurred at 1250 °C, oxide 
particles are smaller than those after annealing at 1400 °C of 
as-received material in 80 % cold rolled specimen of Al-free 
ODS steel. Oxide particle growth is almost depending on 
annealing temperature. But, recrystallization and grain growth 
are controlled by multiple factors such as dislocation density, 
initial grain size and oxide particle distribution morphology. 
Stored energy by cold rolling accelerates grain movement. 
Therefore, it is suggested that recrystallization is easier with 
bigger oxide particles in matrix, as reported by Baker and 
Martin [15]. These agree with the result of this research.  
 
Figure 3-10 Dispersed oxide particles 
in cold rolled materials after annealing  
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3.3.3 Effect of cold rolling direction on grain morphology  
 
As well known that body centered cubic (BCC) structure have a preferred crystallographic 
orientation texture both before and after recrystallization. It is also verified in this study, Chapter 2, 
which is changed from <110 > to <100> in Al-added recrystallized ODS steel. Because the cold 
rolling direction is same with extruded direction during the fabrication processing, the anisotropy 
remains in elongated grains. Therefore, the cold rolling processing is performed with the different 
cold rolling direction, which is perpendicular to extruded direction. The change in grain morphology 
and anisotropy are investigated in this session. 
 Fig. 3-11 is the effect of cold rolling on the 3D microstructure of deformation texture of Al-
added ODS steel. (a) is the definition of three directions of cold rolled specimen and (b) is a stereo-
triangle of crystallographic orientation. Noted that each surface from 3D microstructure is not rotating 
with standard of ND surface, it is just observed surface. As shown in (c), the specimen without cold 
rolling has elongated grains along with extrusion direction. Top and front surface are similar each 
other but the side surface shows that many grains oriented in the <110> direction as well-known as an 
alpha fiber texture, that is, RD is parallel to <110> direction shown with light green of stereo triangle.  
The figure (d) is of 40 % cold rolling along with the rolling direction, which indicates that the 
orientation relationship is similar to that of without cold rolling, although the front surface indicates 
that cold rolling makes the grains be fine width.  
In contrast to this, the case of cold rolling (e) in the direction of TD has two different behaviors. 
One is the orientation change in the top surface, that is, the surface orientation is mainly blue {111} 
and partially red {100}. The second is the front surface, indicating the orientation is mainly rotated to 
{112} because it is distorted by compression strain. The grain morphology has pushed away from cold 
rolling direction, it seems to be reduced anisotropy, so it appears more equiaxed than that of RD 
specimen in high magnification. However, they still have anisotropy along with extrusion direction.  
Based on the results obtained by EBSD analysis as shown Fig. 3-11, the following texture 
formation mechanism is considered (Fig. 3-11 (f)). In BCC crystal, the slip direction is <111> and the 
specimen axis rotates to <111> first, and once the axis overshoots the line from <001> to <011> edge, 
the axis rotation is now conversed to the <-111> direction. This lead to the final rotation to the <011> 




Figure 3-11 Grain orientation of Al-added ODS steel with 40 % cold rolling each direction  
before recrystallization treatment 
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After cold rolling perpendicular to the extruded direction, the grain orientation change with 
rolling direction is shown Fig. 3-11 (g), TD. In this case similar rotation occurs but the rotation 
direction is not <011> but <-101> which marked the red arrow with TD. It is considered that the 
rotation can be proceeding to the combination of two rotations (one is extruded direction and another 
one is cold rolling direction), and the total direction of the axis can be <-111>. This indicates that the 
axis rotates along the edge of the triangle from <001> to <-111>, as marked black arrow. There is <-
112> on this edge indicated in (b). It is well agreed with the experimental results of EBSD analysis. 
The cold rolled specimens both perpendicular and parallel to extrusion direction are annealed at 
1000 °C for 1 hour, the effects of recrystallization on the deformation structure is investigated. Fig. 3-
12 is the 3D structure after recrystallization in both TD (a) and RD (b) rolling direction. In the case of 
transverse direction, TD, the grains on the front surface are rearranged parallel to extrusion direction. 
This orientation is similar with that of before cold rolling processing. Also, it is observed that coarse 
recrystallization partially occurred in {110}. In case of 40 % cold rolling with RD, the grain is coarser 
and more anisotropic compared with before recrystallization. It is also clear that the recrystallization 
occurred and coarse grains were {110} and fine grains were {111} with anisotropy.  
 
 
Figure 3-12 Grain morphology of Al-added ODS steel with 40 % cold rolling each direction  








On the other hand, the Al-free ODS steel shows different behavior from Al-added ODS steel in 
this research. Fig. 3-13 shows the top surface of the specimens, which was pressed directly during 
cold rolling processing with perpendicular to extruded direction (b) and then after annealing (c). Grain 
morphology and orientation of these three cases are not significantly changed compared with Al-
added ODS steel. This is considered to be due to suppression effect by much stronger pinning effects 
of grain boundaries by Y-Ti-O oxide particles formed in Al-free ODS steel. 
Also, it can be said that Al-added ODS steel are more easily affected by cold rolling caused by 
Al component because of Al-Y-O oxide particles. Therefore the grain size of each case is finer 
generally than that of Al-added ODS steel. The annealing after cold rolling appears to show starting 





Figure 3-13 Grain morphology observed on ND surface in Al-free ODS steel; (a) before and (b), (c) 




3.3.4 Grain morphology on cyclic cold rolling processing in ODS steels 
 
3.3.4.1 The hardness change with cyclic cold rolling processing 
During the fabrication processing, cladding tubes or sheets of structural material were subjected 
by several cycles of annealing and cold rolling to improve mechanical properties of ODS steels.  
Fig. 3-14 is indicated that the Vickers hardness change with annealing after first and second 
cold rolling of 40 % rolling ratio. In this research, the annealing temperature was selected to be 
900 °C in Al-added ODS steel and 1200 °C in Al-free ODS steel. Al-free ODS steel is still higher 
hardness than that of Al-added ODS steel, except annealed at 1400 °C in second cold rolled specimen.  
The hardness of Al-added ODS steel is not significantly reduced, the difference about 50 Hv. 
Also, the hardness is similar with first cold rolled specimen. A more decrease in the hardening was 
observed after annealing at 1250 °C. In case of Al-free ODS steel, the hardness is remarkably reduced 
at around 1350 °C, and finally reached to about 150 Hv after annealing at 1400 °C as a second 
annealing. 
 





3.3.4.2 Grain morphology change by annealing processing 
Fig. 3-15 shows the change in grain morphology after annealing of second cold rolling 
processing. Both Al-added and Al-free ODS steels tends to recrystallize with increasing annealing 
temperature. In Al-added ODS steel, the recrystallization started partially at 1000 °C. After annealing 
at 1300-1350 °C, the grains are almost fully recrystallized. Al-free ODS steel is more difficult to 
recrystallize than that of Al-added ODS steel, and second cold rolled specimen started 
recrystallization at around 1200 °C.  
Fig. 3-16 shows the results of EBSD analysis before and after annealing at 1400 °C of both Al-
added and Al-free ODS steel. Before annealing, both second cold rolled ODS steels have grain with 
{111}/{100} <110> orientation in the TD direction, which corresponds to α-fibre texture. Al-added 
ODS steel has many sub-grains and dislocations in the large grains as indicated with white lines of 
misorientation angle below 5 °. After annealing at 1400 °C, the both of ODS steels are recrystallized 



















The effect of cold rolling on recrystallization behavior of 15-Cr ferritic ODS steels was 
investigated. The change of microstructure is particularly noticeable in cold rolling and annealing 
conditions. The results obtained are summarized as follows; 
1) The recrystallization temperature is decreased with increasing cold rolling ratio, which is 
considered to be due to acceleration of microstructure change by strain induced stored energy. The 
Al-free ODS steel is still difficult to recrystallize caused by fine oxide particles, although the 
effect of cold roll is evident.  
2) The cold rolling direction also influences on grain morphology and recrystallization behavior in 
Al-added ODS steel, and the rolling to the perpendicular direction to cold rolling direction 
induces the rotation of the RD from <110> to <112>. The recrystallization temperature is not 
significantly changed by cold rolling direction. 
3) ODS ferritic steel fabricated by hot isostatic processing has equiaixed grains, and annealed 
specimens after cold rolling is rearranged to grain. It is suggested that the fabrication processing is 
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Factors Controlling Hardness of ODS Ferritic Steel  






 The nanostructure characteristics of the ODS steel with ultra-fine dispersed oxide particles 
and sub-microns of grain sizes provide many advantages in the performance of structural materials 
used in a harsh environment of nuclear power systems. These microstructures have each strengthening 
factor in the matrix of ODS steel: 1) strengthening by fine-grains was interpreted on the basis of the 
Hall-Petch effect in spite of very limited literature data [1], 2) strengthening by fine oxide particles, 
and 3) strengthening by dislocation. However, the relationship and interactions between each factor 
are intensely complicated.  
There are several factors determining recrystallization behavior such as cold rolling, heat 
treatment method and chemical compositions, and it is necessary to control these factors. Although it 
is expected that the dispersed particles pin down grain boundaries to retard recrystallization, the effect 
of the dispersion morphology of the particles was not fully understood yet. The contribution of each 
strengthening source for mechanical properties also works for retarding recrystallization.  
In the previous study, it is confirmed that recrystallization behavior is influenced by steel 
compositions and cold rolling. Annealing for recrystallization results in the morphology changes in 
not only grains but also dispersed oxide particles and possibly the other precipitates formation. 
However, the mechanism of strengthening matrix and retarding recrystallization as well as the roles of 
each microstructure in ODS steels are not clearly understood.  
In this research, the factors controlling mechanical properties of ODS steels are discussed on 
the bases of before and after recrystallization, especially with focusing on the role of each 
microstructure change by recrystallization on the hardness. Also the effect of grain shape anisotropy 
in the hardness is investigated.   
 
4.2 Experimental procedure 
 
The materials used in this study are Al-added and Al-free ODS ferritic steel, same as Chapter 1 
and 2. Also, cold rolling and annealing processing are carried out with same method in the previous 
chapters. Vickers hardness is measured using a Micro Vickers Hardness tester with a load of 1kgf and 




4.3 Results and discussions 
 
4.3.1 Grain size effect on mechanical properties 
 
4.3.1.1 Grain boundary strengthening mechanism 
In polycrystalline material, grain size has a great influence on the mechanical properties. 
Because grains usually have varying crystallographic orientations, grain boundaries exist. While 
undergoing deformation, the dislocation motion takes place. Grain boundaries may act as obstacles to 
dislocation motion because slip planes are changed at the grain boundaries caused by orientation of 
the grains. Also the large atomic mismatch between the different grains may generate a repulsive 
stress field to oppose continued dislocation motion, depending on the strain field around dislocation.  
 
4.3.1.2 Anisotropy in the grain shape before and after annealing 
The aspect ratios of the grains between the cross and parallel section to the extrusion direction 
are shown in Fig. 4-1 for both the ODS steels without cold rolling. The aspect ratio of Al-added ODS 
steel is about 0.5, and they increase with increasing annealing temperature (a). In Al-free ODS steel 
(b), the aspect ratio is a little higher than that of Al-added ODS steel before annealing and it remains 
after annealing. The anisotropy of both ODS steels are reduced by recrystallization or annealing.  
Fig. 4-2 shows grain aspect ratio of cold rolled specimen before and after recrystallization. In 
Al-added ODS steel, grains have low aspect ratios before annealing, which means they are elongated 
with a significant anisotropy (a). The grains tend to be equiaxed after annealing (b), indicating 
recrystallization. In case of Al-free ODS steel, the anisotropy of grains is lower before annealing (c), 
and even after annealing, they don’t changed (d). The grains of both steels still have anisotropy, 
although they become more equiaxed after annealing. 
 
4.3.1.3 Hall-Petch relationship in ODS steels 
For conventional polycrystalline materials, the hardness, Hv, is related with the average grain 




Figure 4-1 Grain aspect ratio before and after annealing in (a) Al-added and (b) Al-free ODS 
steel 
 
Figure 4-2 Grain aspect ratio; a) before and b) after annealing of cold rolled Al-added ODS steel,  




𝐻𝑣 = 𝐻0 + 𝑘𝑑
−1/2                              (4.1) 
 
where H0 and k are constants. Normally the value of k is positive, or the hardness of a polycrystalline 
increase with a refinement of grains. In ODS steel, the strengthening is due to both the fine grains and 
oxide particles. 
Although refinement of grain size usually resulted in strengthening, the materials with nano-
sized very fine grains may not be subject to vacancy hardening because many grain boundaries and 
particle-matrix interfaces act as sinks allowing elimination of excess vacancies [4]. From this reason, 
the grain boundaries of nano-sized grains have smaller interfacial excess energies than that of 
conventional grain boundaries, which may make dislocations penetrate into a neighboring grain and 
soften the nano crystalline materials [3]. In other words, the Hall-Petch relationship breaks down. G. 
E. Fougere et. al [5] reported that nano crystalline of Cu showed no hardening with decreasing the 
grain size below 10 nm as shown in Fig. 4-3 [6]. The Hall-Petch break down is generally presumed to 
occur in the grain size range below 20 nm or 10 nm. There is no critical value of the grain size 
showing the break down because it is rather different to measure the nano-scaled grain size. The Hall-
Petch plots were attempted in this research to investigate the Hall-Petch relationship in ODS steels 
with fine grains ranging from 50 nm to 500 nm. 
 




Fig.4-4 shows the Hall-Petch relation of (a) Al-added and (b) Al-free ODS steel with and 
without cold rolling. Since the grains have an anisotropy in the grain shape, the grain sizes are shown 
as three values as follows; ① is the average grain size measured perpendicular to the extruded 
direction, ② is the average grain size parallel to the extruded direction and ③ is the average of ① 
and ②. Although anisotropies are confirmed in the tensile properties and grain aspect ratio, these 
three Hall-Petch relation plots are similar among them in Al-added ODS steel. The slope of Al-added 
ODS steel is very low (2.5 in the graph). In case of Al-free ODS steel, the Hall-Petch plots are similar 
among three graphs. However, the trend line is remarkably different from that of Al-added ODS steel. 
In this steel, the grain morphologies are stable during cold rolling and annealing, the range of grain 
size is not remarkably spread, and the reduction of Vickers hardness is caused mainly by recovery. 
The trend lines can be divided into two types for the selected grain size ranges. In the right side of the 
graph, the slope of the line is much larger than that of Al-added ODS steel. However, in the left side 
the slope is reduced. Since recrystallization results in not only grain boundaries but also the 
morphology change of oxide particles, that is also another important factor controlling the strength of 





Figure 4-4 Hall-Petch plots of Vickers hardness with grain size; (a) Al-added and (b) Al-free ODS steel
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4.3.2 Dispersion strengthening 
 
Dispersion strengthening by thermally stable oxide particles is a method for improving high 
temperature strength of alloys. Thermo-mechanical processing plays an important role in the control 
of the final microstructure and associated mechanical properties [7]. Coarsening of oxide particles 
leads to a decrease in number density, which results in an increase in mean particle distance, and thus 
decreasing in the strength [8].  
In Chapter 1, it was introduced that the Al-addition to ODS steels improved corrosion 
resistance in severe environment of nuclear power systems, although the mechanical properties are 
degraded by the addition. The reduction of the mechanical properties is caused by the change in the 
oxide particles distribution morphology from fine to coarse distribution [9-11]. Although dispersoids 
are more thermally stable than the precipitates in the conventional super alloys such as carbides or 
intermetallic compounds, the coarsening of complex oxide particles at elevated temperatures has been 
observed not only our research but also elsewhere [12]. Finally, the addition of small amount of Zr to 
the Al-added ODS steels results in a significant increase in creep strength at 700 °C because of the 
refinement of oxide particles of Y-Zr-O [13-15].  
The oxide particle distribution morphology is expected to be changed by annealing in both Al-
added ODS steel and Al-free ODS steel. Fig. 4-5 shows that the effect of cold rolling and/or annealing 
on the average size and size distribution of oxide particles before and after annealing. In case of Al-
added ODS steel, the oxide particles remarkably became coarser about 2 times after recrystallization, 
and the particle size is widely distributed. In the Al-added ODS steel 20 % cold rolled then annealed 
at 1350 °C, the oxide particles are coarser than before annealing. In 80 % cold rolled specimen, the 
distribution morphology is similar with that in as-received material even after the annealing at 850 °C. 
Dispersed oxide particles in Al-free ODS steel are surprisingly stable, showing almost no significant 
change between before and after annealing. The oxide particle size of 80 % cold rolled specimen after 
recrystallization is 2 times coarser after annealing at 1250 °C.  
Our previous works [16, 17] indicated that Al addition caused a decrease in the strength of ODS 
steels caused by the formation of Y-Al-O oxide particles, of which the size were 3 times larger than Y-
Ti-O oxide particles.  
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Figure 4-5 Distribution of oxide particles in Al-added and Al-free ODS steel  
 
Fig. 4-6 (a), (b) and (c) show the distribution morphologies of oxide particles after 
recrystallization of Al-added ODS steel, indicating that the oxide particles become significantly 
coarser than before recrystallization. And the particles exist not only (a) in the grains but also (b) at 
grain boundaries. The oxide particles still play a role as obstacles to dislocation movement as pinning 
effect, although the size is bigger than before annealing (Fig. 4-6 (c)). As for Al-free ODS steel, ultra-
fine oxide particles such as Y-Ti-O complex is bigger after annealing, but it is still fine as comparison 
with Al-added ODS steel. Therefore, the strength of Al-free ODS steel is still remained by the fine 
oxide particles as shown in Fig. 4-6 (d). A few large precipitates (e) are sometimes observed.  
 
Figure 4-6 Oxide particles after recrystallization or annealing in Al-added and Al-free ODS steels 
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The amount of strengthening by oxide particles is estimated by Orowan type by-passing 
mechanism (In Chapter 1). Fig. 4-7 shows the estimated Orowan strengthening mechanism based on 
the following calculated equation,  
 
∆𝜎𝑂𝑅 = 𝑀𝛼𝜇𝑏√𝑁𝑑                             (4.2)  
 
where M is Taylor factor 3.06, which is conversed from shear stress to yield stress, α is constant, it is 
needed for barrier application of oxide particles. If it is 1, the oxide particle is perfectly applied for 
barrier of dislocation migration. But dispersoids are not always applied for barrier perfectly in 
experimental results, so it is 0.8 in this study [22].  μ=80500 MPa, b=0.286 nm, N is the number 
density and d is the average diameter of particles.  
Orowan strengthening is decided from oxide particle size and number density of oxide particle 
distribution. The number density of oxide particles in cold rolled specimen is higher than without cold 
rolled specimen. Since oxide particles are very stable at high temperature, the particle size is fine and 
number density is high in (a) 80 % cold rolled Al-added ODS steel even recrystallization is occurred 
at 850 °C. The most of stored energy by cold rolling is used for grain migration and grains are growth, 
meanwhile dispersed oxide particles morphology is changed as high annealing temperature. The 
Orowan strengthening of Al-free ODS steel (b) is also changed with annealing temperature 
irrespective cold rolling. Orowan strengthening of Al-free ODS steel is higher than that of Al-added 
ODS steel.  
 
Figure 4-7 Estimated Orowan strengthening from the TEM observation of oxide particles 
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4.3.3 Work hardening  
 
Since the as-received specimens were subjected to annealing at 1050 C for 1 hour, the roll of 
residual dislocations can’t be large. Meanwhile, many dislocations are generated in the cold rolled 
specimens. The dislocations with high density act as a source of driving force for recrystallization, 
and recrystallization becomes easy to occur at a low temperature. Therefore, the factors controlling 
strength of cold rolled specimens includes residual dislocation density, grain size and oxide particles. 
Therefore, the annealing is performed without isochronal remain time, which heating and just cooling 
down in furnace to the retard recrystallization and try to annihilation of dislocation. Fig. 4-8 is 
indicated the results.  
It is indicated to (a) 20 %, (b) 40 %, (c) 80 % reduction ratio of cold rolling both Al-added and 
Al-free ODS steel. Vickers hardness of “T” is heating and just cooling without remaining time, also 
Vickers hardness of “HT” is annealed case for 1 hour at each temperature for recrystallization. 
Without cold rolled specimen is marked blue and red symbol for Al-added and Al-free ODS steel, 
respectively.  
The hardness before annealing (without heated) was increased with increasing reduction ratio 
of cold rolling as explained Chapter 3.The different amount after annealing (HT) in each cold rolling 
level is similar between the steels with and without Al addition.  
Difference between annealing (HT) and heating without remaining time (T) is reduced as 
recovery or recrystallization behavior occurred, which the dislocation density and grain size are 
changed. Since Vickers hardness, also strength of ODS steel is affected by multiple factors such as 
phase state, grain size and dispersed oxide particles.  
The 80 % cold rolled specimen is easy example to roughly divide into each factor. (c) The 
difference of hardness between as-received and cold rolled specimen is due to high dislocation density 
(green arrow, ∆HD). 80 % cold rolled specimen of Al-added ODS steel shows rapid reduction of 
hardness after annealing at 850 ºC, which is revealed as recrystallization. As above research, the size 
and number density of oxide particles is not changed in this temperature, thus the strengthening 
amount from oxide particle is not changed both annealing and heating without remaining time. In case 
of annealing, the remaining time for recrystallization is not enough; the grain is still not recrystallized 







Figure 4-8 The Vickers hardness of Al-added and Al-free ODS steel with each cold rolling ratio at 
different annealing temperature; (a) 20 %, (b) 40 % and (c) 80 % 
 
also not occurred recrystallization behavior at 850 °C, the difference between as-received and heating 
treatment specimen can be ∆HD. The hardness difference between as-received and annealing specimen 
is from the grain size different, ∆HHP (marked red arrow). After annealed at 1050 °C, the heating 
treatment specimen is reduced as similar with recrystallized specimen by annealing. At that time, the 
different hardness between as-received and heating treatment specimen is ∆HHP. The annealing effect 
on Vickers hardness of Al-free ODS steel are similar with that of Al-added ODS steel, but the 
interaction between each strengthening factor are more complicated, because oxide particles are 
coarse at recrystallized temperature. It is assumed that the hardness of Al-free ODS steel is more 





4.3.4 Factors controlling strengthening in ODS steels 
 
As shown in the above results, the grain and dispersed oxide particles are the main factors 
controlling strengthening in the matrix of ODS steels, and the contribution of these factors to the 
strengthening is changed by annealing at elevated temperatures. 
When the Orowan strengthening is much greater than the Hall–Petch strengthening, it is 
difficult to assess the contribution of the Hall–Petch strengthening experimentally [1]. Hazzledine [18] 
examined this issue by calculating the “direct strengthening” from the dispersoids, and the “indirect 
strengthening” from grains, i.e., the Hall–Petch strengthening. He found that in most realistic cases 
the maximum possible indirect strengthening by the Hall–Petch effect is greater than the direct 
strengthening due to the dispersoids. Therefore, dispersoid-strengthened polycrystals, with their 
exceedingly stable grain sizes, are useful for examining the temperature dependence of the strength of 
fine-grains materials [19, 20]. There is a thread of connections into Hall-Petch breaks down.  
The contribution sources to the yield stress σy for pure metal at room temperature (which is a 
low homologous temperature for a ferritic steel) is simply estimated as [1, 18, 19, 21],  
 
𝜎𝑦 = 𝜎𝑚 + 𝜎𝑂𝑅 + 𝜎𝐻𝑃                              (4.3) 
 
where σm is the matrix yield stress for an infinite grain size, σOR is the Orowan strengthening stress 
caused by dispersoids and σHP is the Hall-Petch strengthening stress caused by grain boundaries. And, 
σm is given by: 
 
𝜎𝑚 = 𝜎0 + 𝜎𝐷                                 (4.4) 
 
where σ0 is Peierls stress and σD is work hardening by cold rolling. In cold rolled material, the 
dislocation hardening is significantly higher, then σD is increasing. 
The relationship between yield stress and Vickers hardness can be assumed [23, 24], 
 





This relation is also confirmed in this study, in Chapter 2 (Fig. 2-17), where Vickers hardness is 
proportional to the tensile strength about 3 times.  
The contribution from work hardening is expressed as, 
 
∆𝐻𝐷 = 𝛼𝜇𝑏√𝜌                                (4.6) 
 
α is constant, µ is shear modulus, b is Burger’s vector and ρ is dislocation density. 
Table 4-1 shows the summary of characteristic features of microstructures in each specimen 
together with the results of Vickers hardness measurement. ∆σOR can be estimated by the size and 
number density of oxide particles observed by TEM following Orowan type strengthening mechanism. 
The dislocation density, ρ, is almost same in each material, because the as-received materials are 
annealed at 1050 C in fabrication processing and cold rolled specimens are tested after 
recrystallization in Table 4-1. The dislocation density ∆HvD can be ignored. Therefore, ∆Hvm can be 
obtained.  
According to equation (4.3) and (4.4),  
 
∆𝐻𝑣𝑒𝑥. − ∆𝐻𝑣𝑂𝑅 = ∆𝐻𝑣𝐻𝑃 + ∆𝐻𝑣0 (if, ∆𝐻𝑣𝐷 ≈ 0)                    (4.7) 
∆𝐻𝑣𝑒𝑥. = ∆𝐻𝑣0 + ∆𝐻𝑣𝐻𝑃 + ∆𝐻𝑣𝑂𝑅(if,  ∆𝐻𝑣𝐷 ≈ 0)                    (4.8) 
 
 
Table 4-1 Summary of characteristic features of microstructure in each specimen 
Material 





Oxide particle  
observed by TEM 







0 % NOHT 1.6  275 8.4 x 1021  11 
0 % 1350 °C 230 204 1.9 x 1021 23 
20 % 1350 °C 24  222 1.1 x 1021 22 
80 % 850 °C 19 267 8.3 x 1021 11 
Al-free 
ODSS 
0 % NOHT 0.96 395 5.4 x 1022 4 
0 % 1400 °C 1.3 237 2.3 x 1021 19 





According to Orowan type strengthening mechanism proposed by several researchers, it can be 
considered that there a few equations expressing Orowan stress. The basic Orowan type strengthening 
can be estimated as,   
 
𝜎𝑂𝑅 = 𝑀𝛼𝜇𝑏/                                 (4.9) 
 
λ is the spacing between impenetrable obstacles as shown Fig. 4-10. It can be expressed 
approximately by square-shaped array area as equation (4.2), which involves oxide particles 
distribution morphology (Fig. 4-11). 
Orowan type strengthening expression can be modified to the following formula,  
 
𝜎𝑂𝑅 =
0.      
2  ( − ) (1− ) . 
    (
 
2 
)                        (4.10) 
 
ν is Poisson’s ratio of matrix, which is 0.334 in this study. Also, the dislocation morphologies in 
materials are considered, 0.83 is constant when dislocations types such as screw and edge dislocation 
are distributed randomly in matrix.  
Fig. 4-12 shows the contributions to the strengthening with each equation a) 4.9, b) 4.2 and c) 
4.10, respectively. The Orowan type strengthening of (a) and (b) are similar each other and it is almost 
a half of total strength of ODS steels. In contrast to this, (c) shows lower Orowan type strengthening 
and it is not remarkably changed with oxide particles distribution morphology. (d), (e) and (f) show 
the strengthening contribution to each mechanism. The matrix strength is assumed from σ0 of Hall-







Figure 4-10 The schematic diagram of each 
factors between dispersoids 
Figure 4-11 Orowan type strengthening with 
considering of the relationship between dispersed 




Figure 4-12 Factors controlling strengthening calculated Orowan type strengthening (a) 𝜎𝑂𝑅 = 𝑀𝛼𝜇𝑏/ , (b) 𝜎𝑂𝑅 = 𝑀𝛼𝜇𝑏√𝑁𝑑,  
(c) 𝜎𝑂𝑅 =
0.      
2  ( − ) (1−𝑣) . 






The results of Orowan type strengthening from equation a) 4.9 and b) 4.2 are more reasonable 
than that of equation c) 4.10. Since the dispersed particles impact on matrix strength, the oxide 
particles distribution morphology is most important for controlling strengthening of ODS steels, and 
also the grain boundary strengthening is applied as the other strengthening. 
Fig. 4-13 shows the Vickers hardness indentations on the specimen surface after annealing at 
1350 °C in Al-added ODS steel. The hardness is not much different between internal grain and grain 
boundary. Therefore, it is suggested that the grain boundary strengthening is not significant any more 
after remarkable recrystallization, although it has still a strengthening effect on the matrix. It is 
considered that the hardness of ODS steels are mainly determined by not grain size but oxide particles 
dispersed in the matrix. 
 






The strengthening factors affecting on mechanical properties are investigated and discussed for 
ODS steels before and after annealing processing, that is, recrystallization treatment. The results 
obtained are summarized as follows; 
1) The hardness of ODS steel is not fitted to a single Hall-Petch plot, indicating that grain boundary 
strengthening mechanism is not only the factor controlling strength of ODS steels. The slope of 
the fitting line depends on the steel compositions. There is a significant difference in the slope of 
the H-P relation between Al-free and Al-added ODS steels because the addition of Al causes the 
changes in the oxide particles distribution morphology such as the size and number density of 
oxide particles. 
2) The data deviation from the H-P line of Vickers hardness measurement tends to be reduced by the 
subtraction of Orowan contribution. Since oxide particle dispersion morphology as well as grain 
size is changed by recrystallization treatment, it is considered that the data deviation is due to the 
contribution change of Orowan strengthening.  
3) In ODS steels, the dispersion strengthening is dominant. Orowan type strengthening of Al-free 
ODS steel is larger than that of Al-added ODS steel, because the oxide particles are finer with 
higher number density in Al-free ODS steel and they are more stable at elevated temperatures. 
The large particles in both ODS steels play a role as obstacle to dislocation motion.  
4) The evaluation results by several Orowan equations revealed that using the equation, 𝜎𝑂𝑅 =
𝑀𝛼𝜇𝑏√𝑁𝑑, the obtained value of Orowan type strengthening is most reasonable.  
5) Finally, the Hall-Petch relationship is not unique for ODS steels, which is considered to be due to 
the difference in the oxide particle distribution morphology that changes the contribution to the 
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The excellent irradiation tolerance of ODS steel is caused by not only oxide dispersion 
morphologies (size distribution, number density, volume fraction and inter-spacing) but also fine 
grains providing large grain boundary area. These fine microstructures in ODS steels effectively trap 
radiation defects and helium atoms at the interfaces of metal/oxide and grain boundaries, and 
intensively suppress defect clustering by enhancing self-interstitial atom-vacancy recombination 
mechanism.  
Irradiation damage management of structural material is important for safety and economically 
competitive energy source of nuclear fusion and fission systems, and irradiation experiments of 
materials have been performed using reactor irradiation with neutron. However, neutron irradiation 
needs long period and high costs. International fusion materials irradiation facility (IFMIF) project is 
still on the way to the final engineering design, and fission neutron and charged particle irradiation 
facilities are just few available for advanced material experiment. Therefore, the ion-irradiation test, 
which can be irradiated by heavy ions or simultaneous heavy ions and helium ions is actively carried 
out for the advanced material analysis. So, the ion-irradiation experiment is performed in this research. 
The (n, α) nuclear reaction by 14 MeV fast neutron produces helium, while heavy-ion irradiation 
produces cascade damage similar to 14 MeV fast neutron irradiation [1]. The simultaneous irradiation 
of heavy and helium ions is able to investigate the synergistic effects of cascade damages and helium. 
It is expected that recrystallization causes grain growth which results in a significant reduction 
of trapping site for irradiation damage structures. Unfortunately, however, the effect of 
recrystallization on irradiation performance was not investigated in detail, although many researches 
on the effect of oxide particle morphologies on irradiation behavior of ODS steels have been done. In 
this research, the effect of recrystallization on ion-irradiation effects in 15Cr-ODS ferritic steels is 
investigated to clear the role of not only oxide particles but also grain boundaries on the irradiation 







5.2 Experimental procedure 
 
5.2.1. The preparation of irradiated material  
 
The materials used in this study were Al-added ODS steel and Al-free ODS steel in order to 
compare the irradiation effect between the steels with different recrystallization behavior. The 
chemical compositions of Al-added and free ODS steel is same as shown Table 2-1. There are three 
categories of specimen: (1) as received material (before annealing). To investigate the effect of 
annealing or grain size on irradiation effects, the materials are (2) annealed at 1350 °C and 1400 °C 
for Al-added and Al-free ODS steel for 1 hour, respectively. The annealing processing was carried out 
using hot press machine. Also, the specimens are (3) cold rolled to about 20 % reduction ratio after 
the above annealing. Table 5-1 shows the grain size and oxide particle information obtained in the 
above chapters.  
As the damaged region is confined to the surface area induced by ion-beam (~2 µm) in ion-
irradiation test, the surface condition is very important to acquire accurate irradiation area. After 
annealing ( or annealing and cold rolling with 20 % reduction ratio), the specimens were mechanically 
grinded with #800, #1200, #2400 and #4000 emery SiC papers. And then they were buff-polished 
with diamond paste of 6, 3, 1, 0.25 µm diameter. Finally, the electrolitic polishing in a solution of 5 
vol. % perchloric acid and 95 vol. % methanol was performed at 18 V for 2~3 seconds at -50 °C 




Table 5-1 Size and number density of each factor before and after annealing 
 Al-added ODS steel Al-free ODS steel 
Annealing condition Before After Before After 
Grain diameter 1.6 µm 230 µm 1.0 µm 1.3 µm 
Oxide particle (OP) diameter 11 nm 23 nm 4 nm 19 nm 





5.2.2. Ion irradiation experimental method 
 
5.2.2.1 Ion-irradiation accelerator 
Ion-irradiation experiment is performed with dual-beam irradiation experimental test facility 
(DuET) at Institute of Advanced Energy, Kyoto University [1~7]. DuET facility is designed to provide 
the irradiation conditions simulating fusion reactor environments, where high displacement damages 
and high concentration of transmutation helium atoms are produced (Fig. 5-1).  
The facility consists of two accelerators [8], 1.7MeV tandem and 1MeV single-end accelerator, 
and three target chambers. Model 4117HC tandem accelerator, which is Cockcroft Walton type 
manufactured by High Voltage Engineering Europe, B. V. (HVEE) is used for heavy ion irradiation 
such as Si, Fe, Ni and so on. The vacuum condition is 5 x 10-5 Pa at tube inside and it can be holding 
by tow turbo molecular pumps. The tandem accelerator has an HVEE Model 860A cesium sputter-
type heavy ion source and a model 358 duoplasmatron-type light ion source. The self-ion, Fe ion for 
steels, was selected to minimize the effects of heavy ion implantation. The induced negative ions from 
an ion source are changed into positive ions at the middle of the tube and accelerated.  
The Singletron single-end accelerator, manufactured HVEE, has a Model SO-173 RF type light 
ion source. Single-charged helium ions are accelerated up to 1.0 MeV with current as large as 1 mA 










The dual-ion beam irradiation target chamber is called DuMIS (Dual-beam materials irradiation 
station) as shown in Fig. 5-2. The chamber is connected to dual-beam line, which are designed to 
cross the surface of a specimen holder. The station consists of a target support assembly with 
specimen loading port, two faraday cup arrays, an infrared heating system, a beam energy degrader, 
three vacuum systems and so on. Other target chambers are called high-temperature materials analysis 
station (HiMAS) and single-beam tensile irradiation creep station (STICS), respectively. DuMIS is 
only used in this study.  
The irradiation temperature is controlled by ultrahigh infrared ray radiation (IR) heating and 
water cooled system, GVH298 as heating system of DuMIS. Heating emitted infrared radiations on 
the atmosphere side is introduced into an ultrahigh vacuum and continuous irradiation experiments 
can be carried out without breaking the vacuum. Controlled irradiation temperature from this system 
is measured the specimen surface using a thermography, LAIRD3ASH (Nikon. Co.). The measured 
temperature data is transported to the computer in the control room and monitored during irradiation 
experiment. The temperature is controlled error range ± 10 °C from target temperature. 
 
 




5.2.2.2 Ion irradiation area 
The depth profiles of the displacement damage and the implanted helium for ion irradiations 
can be calculated by TRIM code [9] which can be estimated the stopping and range of ions in matter. 
Fig. 5-3 shows the result from TRIM code which expresses the helium injection rate and displacement 
damage. The nominal displacement per atom (dpa) 
is defined as the displacement damage occurring at 
the depth of 600 nm from the irradiated surface. 
Because the surface area or near the surface 
performed strong surface sink. While, the peak area 
for damage displacement is contained the large dpa 
gradient, that is difficult to investigate the 
microstructure for irradiation effect. For this reason, 
the depth of 600 nm is selected for nominal dpa 
with small dpa gradient and reduced effect of the 
surface sink. The implanted helium range was between 200 and 1500 nm depth from the specimen 
surface. The implanted and energy degraded helium ions were widely overlapped in the damaged 
range due to heavy-ion irradiation. The synergistic effects of displacement damages and helium can be 




Table 5-2 Irradiation condition 
Damage  
at 600 nm 
Ion type Temperature He injection 






300 °C 150 appm 




470 °C 450 appm 
 
Figure 5-3 Depth profiles of the displacement 
damage and the implanted helium by TRIM code 
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Table 5-2 shows the irradiation conditions, that is dose of nominal damage, type of ion from 
accelerator, irradiation temperature and nominal concentration of helium. Single-ion irradiations used 
1.7MV Fe3+. Dual-ion irradiation is used 1.7MV Fe3+ ions for displacement damage simultaneously 
with energy-degraded 1.0 MV He+ ions. The value of nominal dose rate is 4 × 10−4 dpa/s.  
 
5.2.3. Hardness measurement by Nano-indention 
 
5.2.3.1 Nano-indentation hardness 
Irradiation hardening or the embrittlement in irradiated material is essential to evaluate after 
heavy ion irradiation techniques. Because the irradiation damage is quite limited in few micrometers 
from irradiated surface, the hardening is usually measured by nano-indentation equipment 
alternatively [10].  
In this study, the nano-indentation test is carried out the irradiation surface of each specimen 
using G200 of Nano Indenter (Agilent Technologies Inc.) with Berkovich type indentation tip, which 
have 65 º between the indentation direction and indented surface. The indentation schematic design is 
in Fig. 5-4 (a). The constant stiffness measurement (CSM) technique was used to obtain the hardness 
by the depth profile of material. The depth of nano-indentation is measured about 2000 nm. The CSM 
has a great advantage to obtain the depth profile only with a one indent compared with the loading-
unloading method [5, 11]. The obtained results showed the depth-dependence of irradiation hardening. 
Thus, in spite of the importance of nano-indentation tests on the ion-irradiated materials for fusion 
reactors, little attention was given to the hardness depth-profile obtained from the ion irradiated 
surface. A clear understanding of the hardness depth profile of ion-irradiated material and its 
connection to the “bulk” mechanical properties is important for further application of the nano- 
indentation techniques. 
R. Kasada et al. [10] proposed a modified nano-hardness measurement technique to measure 
ion irradiation hardening. The calibration of the bluntness of the indentation tip is based on the 
Oliver–Pharr method [4, 5, 7, 10, 12-15]. The effects of non-rigid indenters on the load-displacement 














                             (5.1) 
 
where E and v are Young's modulus and Poisson's ratio for the specimen, respectively, and Ei and vi 
are the same parameters for the indenter. The hardness can be obtained indentation load-displacement 








 𝐸𝑟√𝐴                             (5.2) 
 
S = dP/dh is the experimentally measured stiffness of the upper portion of the unloading data 
and A is the projected area of the elastic contact. 
Meanwhile, the area of contact at peak load is determined by the geometry of indenter when the 
depth of contact, hc. It is assumed that the indenter geometry can be described by an area function 
F(h), which relates the cross-sectional area of the indenter to the distance from the tip, h. Hence, the 
projected contact area function at peak load, A and hc can be expressed,  
 




                    (5.3) 
 
Also, hc can be indicated the interaction formula between maximum depth, hmax and an 




ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀
𝑃𝑚𝑎𝑥
𝑆
= ℎ𝑚𝑎𝑥 − 0.75(ℎ𝑚𝑎𝑥 − ℎ𝑠)                (5.4) 
 
ε is geometric constant of indenter condition, as ε=0.75 in case of Berkovich type. 
It is defined that the hardness as the mean pressure for material will support under load. With 





                                  (5.5) 
 
The indentation measurement is performed at least 15 times for each specimen and loading rate 
is 0.05 S-1 in this research.  
 
5.2.3.2 Nix-Gao Model analysis of hardness by nano-indenter 
The increase in hardness with decreasing indent size or depth as called indentation size effect 
(ISE) was informed in several results of nano-indentation test [4, 5, 7, 10, 16]. Nix and Gao developed 
a model based on a concept of geometrically necessary dislocation (GNDs), that is dislocations that 
must be present near the indentation to accommodate the volume of material displaced by the indenter 
at the surface [16, 17]. Using the Nix-Gao model, the hardness depth profile is given as follows, 
 
H = 𝐻0√1 + (
ℎ∗
ℎ
)                              (5.6) 
 
where H is the hardness for a given depth of indentation, h, H0 is the hardness in the limit of infinite 
depth (the bulk hardness) and h* is a characteristic length that depends on the shape of the indenter, 
the shear modulus and H0. 
Fig. 5-5 shows the conceptual diagram of “geometrically necessary dislocations” during 
indentation. In the Nix-Gao model, the indenter is assumed to be a rigid cone whose self-similar 
geometry is defined by the angle, θ, between the indenter and the undeformed surface. It is defined 
that the contact radius to be a and the depth of indentation to be h. Suppose the individual dislocation 















where s is the spacing between individual slip steps on the indentation surface. If λ is the total length 








d𝑟                              (5.8) 
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𝜋𝑎                                  (5.10) 
 











𝑡𝑎 2𝜃                          (5.11) 
 
Taylor relation is used for shear strength to estimate the deformation resistance as follows, 
 
τ = αμb√𝜌𝑇 = 𝛼𝜇𝑏√𝜌𝑆 + 𝜌𝐺                         (5.12) 
 
 




the total dislocation density is the simple mathematical sum of the geometrically necessary part, ρG, 
and the statistically stored dislocations (SSDs), ρS, which is not expected to depend on the depth of 
indentation, but depends on the average strain in the indentation as shape of the indenter. µ is the 
shear modulus, b is the Burgers vector and α is a constant to be taken as 0.5.  
The von Mises flow rule applies and that Tabor’s factor of 3 can be used to convert the 
equivalent flow stress to hardness, 
 
σ = √3𝜏, 𝐻 = 3𝜎                            (5.13) 
 
Using the eqns. (11) ~ (13), eqns. (6) can be obtained. In here,  
 
𝐻0 = 3√3𝛼𝜇𝑏√𝜌𝑆                           (5.14) 
 
is the hardness that would arise from the statistically stored dislocations alone, in the absence of 











                       (5.15) 
  
5.2.4. Microstructure observation  
 
Small specimens for TEM observation were sampled by Focus Ion Beam (FIB) system because 
the irradiated region is limited to the surface of 2 μm depth. Specimens were cut by the gallium (Ga) 
focused ion beam in high vacuum condition. Tungsten was deposited to prevent the specimen surface 
from damaging by focused ion beam. FB-2200, Hitachi is used as FIB instrument. After fabricating 
specimen by FIB system, the specimen was finally polished with Nano-mill system (Model 1040, 
Fischione Instruments, Inc.), which removed the damaged region by FIB treatment. The 
microstructure change by ion irradiation is observed by TEM (JEM-2010, JEOL Co.) with an 
acceleration voltage of 200 kV.  
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5.3 Results and discussions 
 
5.3.1 Irradiation effect at 300 °C to 10 dpa  
 
5.3.1.1 Al-added ODS steel 
Fig. 5-6 shows the depth profile of hardness after single ion irradiation up to 10 dpa at 300 °C 
in Al-added ODS steel. Fig. 5-6 (a) is as-received, (b) is annealed at 1350 °C and (c) is 20 % cold 
rolled after annealing at 1350 °C. Among the hardness depth profiles of unirradiated specimens (black 
lines), the hardness of (b) annealed specimen at 1350 ºC is lowest, which agrees with Vickers 
hardness test results in Chapter 2 and caused by recrystallization. The hardness of (c) 20 % cold rolled 
specimen after recrystallization is increased again.  
The hardness after irradiation at 300 °C to 10 dpa, marked red line, is higher than that of before 
irradiation in all the cases. It seems that the hardening is remarkably larger in the range from 50 nm to 
600 nm (enlarged for this range in the right side up). Also the irradiation hardening is smaller in the 
case of 20 % cold rolled specimen after recrystallization.   
The increase in hardness with decreasing indent depth is observed in all specimens and also 
both unirradiated and irradiated area. Thus, as expected, ISE (indentation size effect) was observed in 
this experiment.  
From the above results, the hardness data is converted into the plots of Nix-Gao model as 
shown as the H2 versus 1/h plots in Fig. 5-7. The hardness data of unirradiated specimens have a line 
shape in the range above 100 nm (0.010 nm-1) in all cases. However, the hardness data of irradiated 
specimens have a bi-linearity with a shoulder at around from 200 nm to 400 nm. As reported in the 
previous study [5, 10], the bi-linear behavior is due to the softer substrate effect (SSE) of the 
duplication of the hardness of irradiated region and unirradiated one just beneath the irradiated region. 
Such behavior was also found in the hardness measurement of unirradiated tungsten by the CSM [19]. 
However, it is clear that the bilinear behavior in the ion-irradiated ODS steels is due to SSE and not 
artificial effect in the CSM.  
The hardness is the highest in (a) as-received specimen, meanwhile the irradiation hardening is 
higher in case of (a) as-received and (b) recrystallized specimen. 
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Figure 5-6 The depth profile of hardness after single ion irradiation up to 10 dpa at 300 °C in Al-added ODS steel 
 
Figure 5-7 Nix-Gao plotted H2 versus 1/h after single ion irradiation up to 10 dpa at 300 °C in Al-added ODS steels 
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Fig. 5-8 shows the depth profile of irradiation hardening after irradiation up to 10 dpa at 300 °C 
in Al-added ODS steels. The hardening is gradually reduced with indentation depth. Hirr and Hunirr 
were the hardness of each specimen before and after ion irradiation, respectively. The hardening 
appears to be reduced a little after recrystallized specimen (red column) compared with as-received 
specimen (black column). It seems that the effect of annealing on the irradiation hardening at 10 dpa 
at 300 °C is not significant, even the microstructure changes such as grain boundary area, dislocation 
density and oxide particle size and number density were observed. The hardness change is lowest in 





Figure 5-8 The depth profile of irradiation hardening after irradiation up to 10 dpa  







5.3.1.2 Al-free ODS steel 
Fig. 5-9 shows the depth profile of hardness after single and dual ion irradiation up to 10 dpa at 
300 °C in Al-free ODS steel. The hardness of irradiated area is higher than that of unirradiated one. In 
addition, the hardness after dual-ion irradiation is higher than that of single-ion irradiation in all cases. 
The hardness is lowest in the annealed specimen at 1400 °C. It is suggested that dislocations were 
annealed out by the heat treatment. Fig. 5-10 shows the Nix-Gao plots of H2 versus 1/h after single 
and dual ion irradiation up to 10 dpa at 300 °C in Al-free ODS steels. It can be seen that a significant 
increase in the hardening was observed for the case of the dual-ion irradiation.  
Fig. 5-11 shows the hardening by (a) single-ion and (b) dual-ion. In single-ion irradiation, the 
hardening is the highest in case of 20 % cold rolled specimen after cold rolling. The annealed 
specimen shows the smallest hardening.  
The hardening by dual-ion irradiation is remarkably higher than the hardening by single-ion 
irradiation. It is noticed that the scale bar of Y axis is different from the result of the hardening by 
single-ion irradiation. At each depth the trend of the hardening is same although the amount of 
hardening depends on the depth. Another difference is that the hardening of annealed specimen is 





Figure 5-9 The depth profile of hardness after single and dual ion irradiation up to 10 dpa at 300 °C in Al-free ODS steel 
 






Figure 5-11 The depth profile of hardening by (a) single, (b) dual-ion irradiated up to 10 dpa at 300 °C 




5.3.2 Irradiation effect at 470 °C to 30 dpa  
 
5.3.2.1 Al-added ODS steel 
Fig. 5-12 shows the profile of hardness after single and dual ion irradiation up to 30 dpa at 
470 °C in Al-added ODS steel. In both the cases of single and dual-ion irradiation, irradiation 
hardening was observed, although the irradiation temperature was 470 °C at which temperature 
irradiation hardening was not observed in the conventional steels. This is considered to be due to 
trapping effect in the ODS steels where the interfaces of metal/oxide particle play a role as trapping 
sites for vacancies at 470 °C, consequently the mutual annihilation of dislocation loops and vacancies 
and/or vacancy clusters was suppressed at this temperature. The hardness after single-ion irradiation 
appears to be higher than that of dual-ion irradiation as shown in Fig. 5-13 which is Nix-Gao plots and 
Y axis is the square of hardness.  
Fig. 5-14 is the depth profiles of irradiation hardening of each case (a) single and (b) dual-ion 
irradiation. The trend of irradiation hardening among 3 sorts of specimens is similar between (a) 
single and (b) dual-ion irradiation: it is largest in the annealed specimen. Namely, annealing causes 
enhancement of hardening irrespective of existence of helium, although irradiation hardening is 
smaller in dual ion irradiation than in single ion irradiation. It is again noticed that the irradiation 
hardening is observed in the ODS steels even after irradiation at 470 °C, that is different from the 
results obtained for reduced activation ferritic steels that showed no-hardening by the irradiation at 
470 °C [20]. 
Fig. 5-15 and Fig. 5-16 show the dislocation microstructure and He bubbles, respectively, in the 
Al-added ODS steel after dual-ion irradiation at 470 °C to 30 dpa. The oxide particles are fine in as-
received specimen, and the interfaces of metal/oxide particles are trapping sites for He bubble 
formation. The line-shaped dislocation in unirradiated area (deeper than 2 µm) is pre-existed 
dislocations, while large dislocation loops and unfold dislocations are observed in the irradiated 
region.  
The grain boundaries also play a role as trapping sites for irradiation damage structures. In case 
of recrystallized specimen, the grain size is increased, and resultantly grain boundary area, that is, the 
number of trapping sites is reduced. A number of bubbles are observed around oxide particles. 
Furthermore, some of the large cavities show spherical as well as faceted shapes as shown Fig. 5-16. 
 137 
 
Figure 5-12 The profile of hardness after single and dual ion irradiation up to 30 dpa at 470 °C in Al-added ODS steel  
 






Figure 5-14 The irradiation hardening of (a) single, (b) dual-ion irradiated specimens up to 30 
dpa at 470 °C in Al-added ODS steels 
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The reduced trapping site caused by reduction of grain boundary area and oxide particles 
surface area resulted in the formation of bubbles consisted of vacancies and helium atoms. The 
vacancy clusters are easy to be formed in the grains under the condition that grain boundaries are 
scarce. The oxide particles and bubbles distribution in the 20 % cold rolled specimen after 
recrystallization is similar with that of recrystallized specimen. The dislocations are difficult to 
distinguish from irradiation and from cold rolling.  
Fig. 5-17 shows the depth profiles of dislocations and bubbles. Both the depth profiles of 
dislocations and bubbles in the irradiated region are similar to that of displacement damage.  
 
Figure 5-17 Depth profiles of dislocations and bubbles with that of displacement damage. 
 
Fig. 5-18 (a) shows the microstructure after single-ion irradiation at 470 °C to 30 dpa in 
recrystallized Al-added ODS steel. The bubble was scarcely observed in the specimen. The many 
dislocation loops are distributed nearby surface after single-ion irradiation as shown Fig. 5-18 (b). It is 
clear that the bubble formation observed in the specimen irradiated with dual ions is due to the 




Figure 5-18 Oxide particles and dislocation distribution in recrystallized Al-added ODS steel after 
single-ion irradiation up to 30 dpa at 470 °C 
 
5.3.2.2 Effect of recrystallization on irradiation hardening 
Since both the grain size and the oxide particles dispersion morphology, which have a great 
effect on mechanical properties of ODS steels, are simultaneously changed by recrystallization, it is 
difficult to identify precisely the grain boundary effect. Fig. 5-19 is the hardness after irradiation and 
irradiation hardening at the depth of 300 nm in all the case after single and dual-ion irradiation, 
together with the results obtained by the analytical method following Nix-Gao model. It is clear that 
the annealing, that is, recrystallization causes the increase in the ion-irradiation hardening. This is 
interpreted in terms of the reduction of trapping sites by recrystallization which enhances grain 
growth and oxide particles growth that results in the reduction of grain boundary area and interface 
area of metal/oxide particles. 
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Figure 5-19 The hardness and hardening at 300 nm of indentation depth into surface and H0 of Nix-





The effect of recrystallization annealing on the irradiation hardening of Al-added and Al-free 
ODS steels are investigated under the different irradiation conditions, such as temperature, dose and 
He implantation.  
1) In Al-free ODS steel, fine grains and oxide particles are remained after annealing at 1400 °C, 
while in Al-added ODS steel, recrystallization occurred and oxide particles becomes larger 
after annealing at 1350 °C.  
2) After the irradiation at 300 °C to 10 dpa, irradiation hardening of Al-added ODS steel is 
larger than that of Al-free ODS steel. The effect of annealing on the irradiation hardening is 
not significant. According to the Nix-Gao analysis result, the effect of cold rolling after 
annealing appears to reduce the irradiation hardening.  
3) After irradiation at 470 °C to 30 dpa, irradiation hardening is observed in the ODS steel, 
which is a contrast to that of conventional steels showing no hardening after irradiation at 
temperatures above 425 C. Recrystallization annealing causes enhancement of hardening 
irrespective of helium. The irradiation hardening appears to be smaller in the dual ion 
irradiation than in single ion irradiation.  
4) Large voids are formed in high density after dual ion irradiation at 470 C to 30 dpa in 
recrystallized Al-added ODS steel but no voids are formed in the same steel before 
recrystallization. It is considered that the trapping sites are reduced by coarsening of grains 
and oxide particles which reduces the grain boundary area and interface area of metal/oxide 
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Oxide dispersion strengthened (ODS) steels have been developed for applications to 
advanced power systems, such as cladding material of GEN-IV fission reactors and first wall 
structural material for fusion DEMO reactors because of their high performance under severe 
radiation environment. The excellent performance of ODS steels stems from finely dispersed 
oxide particles as well as refined grains of sub-micron diameter, which are formed during hot-
extrusion process that produces elongated grains and a texture. Elongated grains often cause the 
anisotropy in the mechanical properties, which is one of critical issues for practical fabrication 
process, such as tubing of this steels. 
Recrystallization is a key for better formability in the fabrication of cladding tube of ODS 
steel, which reduces anisotropy in the mechanical properties caused by elongated grains. However, 
from the view of radiation tolerance, recrystallization is undesirable because it makes both oxide 
particles and grains be enlarged and degrades the mechanical properties.  
In this research, the effect of recrystallization on ODS ferritic steel is investigated to 
understand the recrystallization behavior of ODS ferritic steel with focusing on the hardness and 
microstructural changes as well as irradiation response.  
 
This paper consists of six chapters. In Chapter 1, the backgrounds of this research were 
described at the view point of nuclear energy and ODS materials science. 
 
In Chapter 2, the recrystallization behavior of 15Cr-ODS ferritic steels with and without Al 
addition is investigated with focusing on the correlation between microstructure and mechanical 
properties in comparison to SUS430 which contains 16 wt.% Cr. The effect of recrystallization on 
the anisotropy and the specimen size effect on mechanical properties are also investigated for 
these two ODS steels 
1) In both Al-added and Al-free ODS steels, the different recrystallization behavior is observed 
in comparison to conventional ferritic steel, SUS 430. Al-added ODS steel is recrystallized at 
above 1350 °C, while Al-free ODS steel is not fully recrystallized even at 1400 °C.  
2) In the recrystallized Al-added ODS steel, the grains are significantly coarse and a deformation 
texture was formed to have Goss orientation of {110}<100>.  
3) The hardness and tensile strength are reduced by recrystallization through the morphology  
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changes of oxide dispersion and grain shape and size to be coarser. The recrystallization 
behavior depends on the sort of oxide particles, for example, Al-Y-O complex oxides in Al-
added ODS steel and Ti-Y-O complex oxides in Al-free ODS steel.  
4) Anisotropy is still observed in the tensile properties at 700 °C and becomes more obvious 
with decreasing specimen thickness.  
 
In Chapter 3, the effect of cold rolling on recrystallization behavior of ODS steels was 
investigated.  
1) The recrystallization temperature is decreased with increasing cold rolling ratio, which is 
considered to be due to acceleration of microstructure change by strain induced stored energy. 
The Al-free ODS steel is still hard to recrystallize caused by fine oxide particles, although the 
effect of cold roll is evident.  
2) The cold rolling direction also influences on grain morphology and recrystallization behavior 
of Al-added ODS steel, and the rolling to the perpendicular direction to extrude direction 
induces the rotation of the RD from <110> to <112>. The recrystallization temperature is not 
significantly changed by cold rolling direction. 
3) The ODS ferritic steel fabricated by hot isostatic processing has equiaixed grains, and cold 
rolling has no influence on the grain shape after recrystakllization. It is suggested that the 
fabrication processing is more effective on grain morphologies than that of cold rolling 
processing. 
  
In Chapter 4, the factor controlling strengthening of Al-added and Al-free ODS steels is 
investigated by changing microstructures through recrystallization or annealing treatment. 
1) The hardness of ODS steel is not fitted to a single Hall-Petch plot, indicating that grain 
boundary strengthening mechanism is not only the factor controlling strength of ODS steels. 
The slope of the fitting line depends on the steel compositions. There is a significant 
difference in the slope of the H-P relation between Al-free and Al-added ODS steels because 
the addition of Al causes the changes in the oxide particles distribution morphology such as 
the size and number density of oxide particles. 
2) The data deviation from the H-P line of Vickers hardness measurement tends to be reduced by 
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the subtraction of Orowan contribution. Since oxide particle dispersion morphology as well as 
grain size is changed by recrystallization treatment, it is considered that the data deviation is 
due to the contribution change of Orowan strengthening.  
3) In ODS steels, the dispersion strengthening is dominant. Orowan type strengthening of Al-free 
ODS steel is larger than that of Al-added ODS steel, because the oxide particles are finer with 
higher number density in Al-free ODS steel and they are more stable at elevated temperatures. 
The large particles in both ODS steels play a role as obstacle to dislocation motion.  
4) The evaluation results by several Orowan equations revealed that using the equation,  𝜎𝑂𝑅 =
𝑀𝛼𝜇𝑏√𝑁𝑑, the obtained value of Orowan type strengthening is most reasonable.  
5) Finally, the Hall-Petch relationship is not unique for ODS steels, which is considered to be due 
to the difference in the oxide particle distribution morphology that changes the contribution to 
the strength of ODS steels. 
 
In Chapter 5, the effect of recrystallization annealing on the irradiation hardening of Al-
added and Al-free ODS steels under the different irradiation conditions, such as temperature, dose 
and He implantation.  
1) In Al-free ODS steel, fine grains and oxide particles are remained after annealing at 1400 °C, 
while in Al-added ODS steel, recrystallization occurred and oxide particles becomes larger 
after annealing at 1350 °C.  
2) After the irradiation at 300 °C to 10 dpa, irradiation hardening of Al-added ODS steel is larger 
than that of Al-free ODS steel. The effect of annealing on the irradiation hardening is not 
significant. According to the Nix-Gao analysis result, the effect of cold rolling after annealing 
appears to reduce the irradiation hardening.  
3) After irradiation at 470 °C to 30 dpa, irradiation hardening is observed in the ODS steel, 
which is a contrast to that of conventional steels showing no hardening after irradiation at 
irrespective of helium. The irradiation hardening appears to be smaller in the dual ion 
irradiation than in single ion irradiation.  
4) 
recrystallized Al-added ODS steel but no voids are formed in the same steel 
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before recrystallization. It is considered that the trapping sites are reduced by coarsening of 
grains and oxide particles which reduces the grain boundary area and interface area of 
metal/oxide particles after recrystallization. 
 
The recrystallization behavior of 15Cr ODS steels is considerably different from that of a 
conventional ferritic steel which recrystallizes at around 800 °C, meanwhile the ODS steels have 
very high recrystallization temperature (1350 °C) due to the fine dispersed oxide particles. Oxide 
particles play a role as obstacles to migration not only for dislocations but also grain boundaries. 
Recrystallization of Al-added ODS steel with mainly dispersed with rather large Al-Y-O oxide 
particles is easy to occur than Al-free ODS steel dispersed with very fine Ti-Y-O oxide particles. 
It is concluded that the matrix microstructure with ultra-fine oxide particles in Al-free ODS steel 
is surprisingly stable with high number density at elevated temperatures. The recrystallization or 
annealing effect on irradiation properties indicates that extreme reduction of trapping sites leads to 
the formation of tremendous amount of bubbles and dislocations compared with non-
recrystallization material.  
It is concluded that recrystallization treatment influences on the materials performance of 
ODS steel by changing microstructures, such as, oxide particles and grain morphologies as well as 
dislocation density. An adequate recrystallization is necessary to fabricate ODS steel tubes with 
controlled nano-scaled microstructures.  Fine grains and ultra-fine oxide particles are necessary 
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